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FOREWORD 



f 

This work was performed hy Southern Research Institute under 
USAF Contract No. . AF 33{6i6)-7^?^ ' The-oonlrfatrt~T raS"Initia t ed -■ un der 
,Pi>eject:^0r'7-381";—'■^Materials 'AppricaiionjJ! Task No._73£103-,—^Dscta. 

Collection' snd"Correlation, " The work v^as administered under the » 
direction of the Directorate of Materi als and Processes, Deputy for 
Technology, Aeronautical Systems Division, Wright-Patterson Air 
Force Base, Ohio. Mr. -f^rnian-Marctrs was the pr ject engineer. 

M ^ J/ /vi' 

This report covers work conducted fromX--May-i^86~-to Si --A p ril 

1 - 96 ^. 

This report supplements WADD TR 60-924 and includes much 
additional information concerning materials reported in that program. 

This program was under the specific direction of C. D. Pears 
and the general direction of Sabert Oglesby. 

' J. G. Allen made the determinations of electrical resistivity and 
thermoelectric voltage and was responsible for the arduous task of 
assembling all of the data in a final report 

D. S. Neel performed the thermal conductivity on the S. R. L 
equipment, treated the data for expansion and heat capacity, and prepared 
most of the tables. 

W. H, Mann made all runs on the GFE thermal conductivity apparatus. 

P. H. Rhodes, Jr. , made all emittance runs and established the 
computer programs for the emittance, heat capacity, and thermoelectric 
voltage. 

David Osmeht made all runs on thermal expansion and heat capacity. 

Dr. W. J. Barrett directed all of the analysis of density and chemical 
properties. 

S. G. Holder. J. O. Honeycutt, Jr., and C. A. Willhelm, Jr., 
prepared the specimens for photomicrographs and prepared the formal 
structure analysis. 




ABSTRACT 


The thermal expansion, heat capacity, thermal eohductivity, total 
normal emittance, electric resistivity, and thermoelectric voltage were 
investigated for 26 refractory materials, including the horides, carbides, 
nitrides, oxides, ATJ graphite, tungsten, and(alloys-o£ molybdenum and 
columbium. The temperature.range was from 50Q"FVto SOOP^F. In addition 
, to these thermophysical properties, the density, chemical analysis before 
and after temperature exposure, andmicroscopic pictures before and after 
temperature exposure are-included to define-the materials and assist in the 
analysis of the data. 

This technical documentary report has been reviewed and is 
approved. 


JULES,1. WITTEBORT 
Chief,. Thermophysics Branch 
Physics Laboratory 

Directorate of Materials and Processes 
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THE THERMAL PROPERTIES OF TWENTY-SEX 
SOLID MATERIALS TO 5000*F OR THEIR 
DESTRUCTION TEMPERATURES ' 


INTRODUCTION 

The scope of this work was the-determinhtioh irdfn 20PP“F to 50p0“F 
of the thermal conductivity, thermal exparisidni heat c'ai>acity> total normal 
emlttance, electrical resistivity, and the therTnoelectriC voltage of twenty- six 
refractory materials. The densities and the chefnaeal compositions, before 
and after exposure, were determined, alsov .Some of the. thermal properties 
of eight of the materials were previously evaluated and reported in WADD 
TR 60-924, In the course of that work, techniques were developed for 
reliable furnace operation at temperatures slightly ^greater than 5000“F. 
Methods were also developed for measuring the thermal properties of 
refractory materials at these temperatures, (^considerable interest in 
this work is the data showing the behavior of some of-the refractory materials 
at these extremely high temperatures. This material behavior not only 
influenced the thermal property data tO a great extent, but-also indicated 
some of the difficulties that might be encountered in structupal applications 
of these materials. 

In this report, the equipment that was used in the thermal property 
measurements is described ih considerable detaili The* techniques for 
measuring temperature, and the calibration procedures, are presented, 
also. :. 

Considerable data are included to supplement the information in 
WADD TR 60-924. For example, this report contains the electrical 
resistivity, thermoelectric voltage, emittance, photomicrographic plates, 
and other additional data of the materials investigated in that prior 
program. 


Manuscript released by authors August 1962 fop publication as an .ASD 
Technical Documentary Report. 



THE SOGOT furnaces 


The furnaces used in the thermal property measurements were designed, 
built, and operated by Southern Research Institute prior to initiation of work 
under this contract. During the work, many improvements were incorporated 
to extend the temperature range and improve the heater life. At the conclusion 
of the work, several furnaces were available with two of one type capable of 
operating under pressure or vacuum and three of a second type capable erf 
operating only a't atmospheric pressure. The latter are very flexible and 
permit heater changeout in a few minutes. Details of both types of furnaces 
are shown in Figures 1 and 2. All furnaces can operate, at over 5000®F on 
most heating loads and at SSOO^F under low heat loss conditions. 

The heater design was rather thoroughly investigated. A simple 
slotted tube was an effective heater configuration, but provision had to be 
made for thermal expansion during a run by permitting the electrodes to 
move. A helical carbon heating element permitted the use of fixed 
electrodes without introducing serious handling or cost problems. The 
helical heater configuration, with its longer service life, was incorporated 
in both types of furnaces. The electrical design of the heater was found 
to be very important. Using configurations requiring relatively low current 
and high voltage (150 amps at 70 volts), the current would rise sharply at 
4000“F furnace temperatures suggesting a current bypass in the ionized 
gas around the heater element. At higher currents and lower voltages 
(700 amps at 15 volts), the current bypass was not noted and the furnace 
temperature increased with input power at a fairly uniform rate to over 
SOOO'F; see Figure 3, 

Generally, CS graphite, as produced by National Carbon Company, 
was used for the heater element. Different batches were quite different 
in electrical properties, machineability, and. apparent texture so that 
some minor changes in heater design were required occasionally between 
batches. 

Zirconia end plugs and spacers around the heater and inner tube 
proved effective.' Generally, the graphite and zirconia were compatible 
if the temperature range at their contact points was kept below 3500®F. 
Deterioration of the zirconia, resulting from the carbon vapors in the 
gas phase, was not excessive. If the two materials were permitted to 
contact.physically within a zone at over 3500*F, the deterioration of the 
zirconia was quite rapid. 
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All of the graphite heaters seemed to contain some silica, magnesia, 
calcia, sulphur, and other contaminants that vaporized out of the heaters 
and could be found after a run condensed on the colder (2500®F) parts of the 
tubes. 

Different purge gases were employed, including helium, argon, and 
nitrogen. Since no major difference in performance was noted, helium was 
selected as the primary purge. This gas was dried by a desiccant, but no 
serious effort was made to clean it further since the heater life was considered 
satisfactory. Usually, purge rates of about 5 to 2D scfh were employed. 

No difficulty.was experienced with the water-cooled copper electrodes 
that were operated at current densities up tc 300 amps per square inch. 
Undoubtedly, these electrodes could be made smaller and operated at even 
higher current densities. 

Pictures of the different furnaces with the different apparatuses 
installed are shown in Figures 4, 5, and 6. 

The final configuration for the furnace used to measure electrical 
resistivity and thermoelectric voltage is shown in Figure 7. This furnace ' 
employed the slotted tube design for the heater and was capable of operating ?'• 
to 5000®F on either AC or DC power. The slotted heater.:made it possible v 
to use a variety of arrangements for deterlmining conditions in the hot zone. 
Mounting the furnace in the vertical plane helped to facilitate the removal 
and placement of specimens. The furnace set- up for electrical resistivity 
and thermoelectric voltage is shown in Figures 8 and 9^ respectively. 

Heater life in this furnace was short compared to the life of the helical-type > 
furnaces but was considered satisfactory. However, since the insulating 
material in the annulus came in direct contact with the heater, some 
difficulty was encountered when changing the heater. 

TEMPERATURE MEASUREMENT IN THE:5D00“F FURNACE 

The temperatures in the furnaces were determined with chromel-alumel 
thermocouples to 2000°F and by optical pyrometer readings through optical 
sight glasses with sapphire windows to 5000®F. 

In addition to the actual temperature calibration runs, cross checks 
were obtained during data runs between the optical pyrometer and the 
thermocouples above 1500®F. 
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In preyious investigations, the influence of the physical aspects of 
the sight tube on the resulting temperature reading was determined. As 
general conclusions, the temperature reading was independent of the 
distance of the focusing lens of the pyrometer from tlie source within the 
range of 5 to 20 inches with a normal deviation of about 10°F to 15“F. 
However, the diameter of the sight tube had a major influence. Tubes 
larger than diameter had no effect. Tubes smaller than did reduce 
the temperature reading by as much as 100“F to 200°F at about 3500®F. 

In between and the diameter of the tube had the influence of reducing 
the temperature by an amount dependent, also, on the tube length. Any 
sight tube in this critical range or smaller should be calibrated in place 
in the furnace, or errors as large as 100®F to 500“F can result. 

I 

During ruiis- measurements with optical pyrometers were made 
by viewing the specimen through a sight window. Windows of synthetic 
sapphire were used in the furnaces and introduced an error in the observed 
optical readings. To correct these readings, the windows were calibrated 
by comparing readings through the windows to readmgs with no window. 

The target used for calibration was the center of an inductively heated 
graphite crucible with a black body depth to diameter ratio of six to one. 

The correction curve for the synthetic sapphire sight window is shown in 
Figure 10. With a steady pyrometer mount and the cavity-type target, 
variation in pyrometer readings was about lO^F at the 4000®F level with 
a constant source temperature. 

For work under this contract, the true temperatures above ISOO^F 
were taken as the cprrected optical readings. Earlier investigations 
with high temperature thermocouples established these couples lobe 
internally inconsistent and unreliable when compared with the optical 
pyrometer. 

Although the furnace environment was important in the performance 
of the thermocouples, the chromel-alumel couples were found to be reliable 
for repeated runs within the life of the couple. As additional protection, 
double-bore alumina 0.070” diameter tubes were employed. 



THE SPECIMEN MATERIALS AND THEIR GENERAL PERFORMANCE 

The refractory materials evaluated in this program were ordered 
under specifications requiring a maximum density, purity, and strength 
while employing a forming process compatible w'ith either laboratory or 
production line! techniques. Particle size was left to the discrimination 
of the supplier. Reliable performance as components, at 5000“F was 
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emphasized and the price left open. Generally, the; best productfor-the^ 


c urr ent state of the:art anticipated .7 The";suppiiecs were informed of 
the particular properties to be meaiSured.': " \ ,7 , - 


More than one supplier was found for every material; however, the 
price range and delivery dates were often ordei'S of; tnagnitude different. 

In every case, the supplier was selected eyther gto. the .ba sie^f a ^probable 
premium product, ex^etienceUn-a^^^articular fie^;% 0 ^^ gu^antee 

of performance. ‘ 


Within the very rigid confines of proprietary rightS;: all suppliers 
were very cooperative and assisted gre^tly- in the werTail'p^ 
by expediting deliveries. ■ In spite of this,-; ttve yery^:^la^t^rd; of of 

producing the specimens resulted in sonie i ''' . 


The specimeri'sii^S were sele0;teff'dn^tli^7bas"'l^-:0f ipa^imum c^ 
betAveen the thermal property:measurement appara;tusea, atpd-^ to 

produce a sound specimen. Some suppliers eodld notfiirGdace a-piece bigger 
than one-inch diameter npr longer than about ihree diahieters. Other suppliers 
questioned the homogeneity; that could be-aetici^feidyfdr^s^eci^^lv^ii^P^^ 
sizes. As a compromise, solid pie 

were selected as the goiir” Southern ResearCli lhSliiO^ tfe^^^^^^^^ 
specimens with diamond grinding-and u|traspric: dri 4 iih^ equip.m 

The general information on abl mat:^is^3i^^^e;^ehted""in Table ^ 

All pressed materials were pressed in the-ajii^ d _ 

contains one column listing the;XheOretical; thetiiH|[-teEdppratu 
another listing the temperature at which the s^cfcrpens failed in 
evaluations. Only four of the materials^peiffdrnied at dyerV50G0®F. This 
was not the furnace limit but that of the speGiinentniaterials.ri'For a: few 
materials, such as tantaluna carbide, the tempera’tdr^ r^^ 

been extended to over 50flO®F without mjelting the epeeimem^hqwbverj since 
the specimens failed ar480Q*.F in a fashie^ e^ddh abTrabturing or exploding 
that precluded any further measurements,, the runs, were concluded; Most 
of the specimens failed by'disassociatLon, incipieht'mbltijig, excessive 
softening, or a similar mechanism that indicated absbiute mater 
faQure. 


After the runs, the specimens were examined^carefully to determine 
the type of failure and the possible contamination that may have resulted from 
carbon vapor in the furnace atmosphere. Generally, it did hot appear that 
the presence of the trace carbon vapors actually caused any failures or 
induced premature temperature deterioration at other than the surface of.the 
material. One exception was noted. The tungsten spccime.n_melte4-at about 









5000‘’F. Since the pure crystal melts at over 6000”F, it was probable that 
the carbon eutectic was formed. It is not known whether most of the carbon 
came from the furnace vapors or was in the material before exposure. 

Figure 11 shows some small specimens of tungsten supplied by four different 
suppliers and exposed to 4940°F. In one instance, the tungsten specimen 
melted internally arid broke through the solid shell, or skeleton, of the 
surface material. 

There is considerable evidence that many of these materials with 
crystal melting points of over 5000“F were actually fired during forming at 
considerably below the melting temperature of their crystals and even 
considerably below 5000“F. First, the data that was obtained on the 
thermophysical properties shifted considerably after the temperatures 
exceeded 4500”F to 5000®F. Reruns then indicated repeat data up to the 
level of the maxinium temperature of the previous run and then again the 
data would shift. ■ Second, heat soaking the specimens'quite dramatically 
improved their subsequent performance in resistance to fracture and 
shifted their absolute thermophysical properties. 

The maximum temperatures to which a material was taken during 
a run depended primarily upon the material itself. The expansion of each 
material was determined first to find the point of failure for the material. 

This was either the melting of the material or an inflection in the expansion 
curve indicating a rather drastic change of state of the material. The other 
properties were determined to this point of failure. In the case of the 
electrical resistivity specimens, an effort was made to stop the runs before 
the failure occurred so that the specimen for thernioelectric voltage 
determinations could be cut from the sanie piece of stock. 

The maximum temperature for the toxic materials was held to 
3500°F, except for the expansion determinations, because of the hazard 
of excessive boil off of vapors, above this temperature. This maximum 
was necessary because of personnel health protection.■ 

Specific details on the materials are presented in subsequent sections 
as they relate to the chemistry, structure, and measurement of the particular 
properties; however, the nature of che materials, furnaces, and measurements 
should be kept in mind during the discussion of all observations. 
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PHOTOMICROGRAPHIC evaluation; QF;SELEGTED CERAMICS, 
REFRACTORy'mETALS; AnD REFRACTOI^^ ALLOYS 



General 

This evaluation of: selected; eeraniicsi refractory metals 
refractory alloys was directly derived from an interpretation based solely 
on photomicrographic evidence.; PhotcTOiiero^aphs representative of the 
starting material microstructur.es feefore an exposure- or heat soak were 
reviewed as well as photomicrographs of. tfebaperature-exposed structures. 

The materials were placed in two categories of. (1) nontoxic and (2) toxic 
to warn the reader of ;the hazards involvedVand to distinguish between the 
nontoxics that were sabjected to extensive study and the toxics that were 
subjected to less repetitive.examinatipn; 

Microstructures were evaluated individually and collectively as 
the groups: (1) carbides, (2) ^metals and ailpysy (3) dibbrides and boride, 

(4) nitrides, and (-5) dioxides and oxide, Indtytduat interpretations of 
structure were based on three criteria: lineRidcOhtipuitte^ 
random discontinuities (RD)., and cracks (C). - GollecH^^^ 
interpretations were based on the over-all denSityiMRiscon'tmuities, 
both line and random, and on cracking. Sed Ftf ures 1:2 through 42. 

Preparation of Specimens , \ 

To prepare the specimen materials fOr.photGmicrpgrapliic examination, 
the specimen was first ground flat bn a supface:.grinder using a 120 grit 
diamond wheel. Next, if was polished on .iappingw^heels impregnated with 
diamond compounds (AB Metati) of various sizes using mineral spirits as 
the lubricant. The first polishing wheel was a lead lap impregnated with 
diamond compound 14 microns in size to rembye grinding marks made by 
‘ the 120 grit diamond wheel. 

The specimen was lapped on a series of maple; wood wheels 
impregnated with diamond compound of eight microns and one micron, 
respectively. Between each lapping operation the specimen was rotated 
90“ to remove last traces of polishing scratches. 

The ceramographic and metallographic test data on the nontoxic 
refractory materials are presented in Table 2. Tantalum carbide showed 
the best microstructure before and after exposure. This structure was 
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the most uniform and had very few random discontinuities. Columbium 
carbide, on the other hand, showed the worst structure after exposure. 

This material cracked generally and severely. Before heat soaking, it 
showed coarse LD. - 

As a group, how'ever, the carbide microstructures held up the best 
after exposure, with the distinct exceptions of CbC, MOgC, and WC. TaC, 
HfG, ZrC, VC, and TiC maintained their structural integrity. Collectively, 
the refractory alloys ranked as a close second to the carbides, but tungsten 
metal from two sources showed transaggregate cracks. The diborides and 
boride group ranked third and were followed by the nitrides. The dioxides 
and oxide group were worst, both before and after exposure; however, only 
small changes of coarse discontinuities occurred after exposure since the 
starting structures were poor. Zirconium silicate was structurally unsound 
both before and after exposure, and it was ranked last among all refractory 
materials evaluated. Extremely large and numerous voids developed in the 
material after exposure. Furthermore, the voids were connected by large 
cracks. 

Toxic Specimen Materials 

The microstructures of the three toxic refractory, materials were 
evaluated individually and ranked collectively in the following order; 

(1) tetraboride, and (2) oxide and dioxide. Individual interpretations of 
structure were based on three criteria; random discontinuities (RD). 
cracks (C), and fusion of aggregates. Data on the toxic materials are 
shown in Table 3.; 

Thorium tetraboride showed the best microstructure before and 
after exposure. This structure was composed of distinctly outlined 
aggregates, and no fusion of aggregates was evident. The beryllium 
oxide microstructure was rated second and the thorium dioxide last 
because of transaggregate and interaggregate cracks. With the exception 
of this cracking, there were essentially no microstructural changes in all 
materials after heat exposure. 

CHEMICAL ANALYSIS 

Table 4 gives the results of chemical analysis of the materials 
before exposure (as received from the manufacturer) and after exposure 
in the furnaces. -Comments regarding specific results are included as 
footnotes to the tables. 
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Preparation of Samples 

Discs ranging in thickness from one mm to five or six mm were cut 
from the cylindrical specimens with a diamond wheel. Any extraneous 
material adhering to the outer surface was removed and the discs were 
degreased with xylene. The samples were then crushed in a hardened 
steel mortar to pass a 100-mesh screen. 

Methods of Analysis 

The publication. "The Analysis of Refractory Borides. Carbides. 
Nitrides, and SilLcides. " by Owen H Kriege, Los Alamos Scientific 
Laboratory (LA-2306), was used as a general guide for methods of 
analysis. 

Metals . In general the metals were determined by gravimetric 
methods, either with the aid of a suitable precipitant, or, in those instances. 
where nonvolatile impurities w'ere low, simply by ignition to an oxide. Some 
of the results given for the metals are likely to be high because of contamina¬ 
tion of the weighing form by impurities. No corrections have been made for 
such errors. 

Carbon. Carbon was determined:in all samples after exposure and 
in most samples before exposure. The samples were burned in an oxygen 
atmosphere, and the carbon dioxide was absorbed by Ascarite and weighed. 

Nitrogen. After some experimentation with various methods, 
nitrogen was finally determined by the Dumas, method, .using, a Coleman 
Automatic Nitrogen Analyzer. For the nitrides'one to 10 mg'samples were 
taken, and for other materials, 20 to 60 mg. The samples were heated in 
the combustion tube at 1100'’C with a mixture of sodium and potassium 
carbonates. The method worked satisfactorily for all of the nitrides, 
including boron nitride. 

Boron. Boron was determined by the customary method of 
alkalimetric titration in the presence of mannitol. 

Emission Spectrography. A semiquantitative method, estimated on 
the basis of past experience with other materials to give results within 
one-half to two times the true values, was used. All samples Were mixed 
with graphite as a matrix material. Sample line intensities, were compared 
visually with those of .standards made from Spex-Mix. Samples and standards 
were exposed on the same plate. Because the method is semiquantitative, no 
corrections, for impurities were made in estimating the major metallic 
component of the samples. 
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DENSITY MEASUREMENTS 


Densities were determined by three different methods. Two of 
these methods gave "apparent" density; the volume of the specimen was 
not corrected for the volume of voids or air-filled space. The experimental 
values by these two methods were generally in good agreement. The third 
method gave "true" density; voids were filled, insofar as was possible, 
with the immersion liquid, xylene, in which the specimens were weighed. 
See Table 5. Values for the "true" density were, in many instances, 
significantly higher than the "apparent" densities. The differences were 
taken as a measure of porosity of the samples. 


THERMAL EXPANSION 

Apparatus and Procedure 

Thermal- expansion measurements were made on all specimens, 
axially, in graphite tube dilatometers to over 5000“F or the destruction 
point of the material. The dilatometers consisted of (1) graphite tubes 
into which the specimens were placed; (2) graphite rods,which transmitted 
specimen motions; to the dial gages; (3) short stainless steel tube and rod 
extensions; and (4) the dial gages. The dilatometers were self-contained 
units that were placed in the high temperature furnaces with the dilatometers 
hung from the top flanges of the furnaces and not in contact with the furnace 
inner parts. A typical dilatometer assembly and the dilatometer parts are 
shown in Figure 43. 

Dilatometer tubes and rods were machined from National Carbon 
Company’s Grade CS graphite stock. The effective lengths of the dQatometer 
tubes were equal to the combined lengths of the specimens and the dilatometer 
rods. The stainless steel tube and rod extensions were of equal effective 
lengths, eliminating errors due to the differences in coefficients of expansion. 
The dial gages used in the dilatometry apparatus were graduated in 0. 0001" 
divisions. The mechanical accuracy of the B. C. Ames Company Model 212 
shockless dial gages is stated by the manufacturer to be ±0. 001" for any given 
reading at any point in the range. 

The dial gage movements during any expansion run were corrected by 
the movement of the length of graphite dilatometer tube corresponding to the 
specimen length. The true total elongation of the specimen was equal to the 
sum of the dial gage movement and the calibrated movement of the graphite 






dilatometer over the specimen length. Other than in the specimen zone, the 
expansion of all dilatometer parts was cancelled by an equal expansion of a 
corresponding part of the same material at the same temperature. 

Careful measurement of the graphite dilatometer parts before and 
after temperature exposures indicated a permanent change in length on the 
initial high temperature exposure. No significant dimensional changes 
occurred on subsequent exposures, so a preliminary heat-soaking run at 
SSOO^F to BTOOT was standard procedure for new graphite dilatometer parts. 

In preparing a specimen for the thermal expansion run, the ends 
were ground to a radius equal to the specimen length. This provided thai 
one end of the specimen could shift without causing any change in dial gage 
indication. Most specimens were wrapped in tungsten or tantalum foil to 
provide protection from carbon pickup from the gas phase and the dilatometer 
parts. 


Temperature measurements at the center of the specimen were 
made with chromel-alumel thermocouples to 1500"F=and optical pyrometer 
above 1500"F. 

Furnace No. 1, previously described and shown in Figures 1 and 4, 
was used for the thermal expansion measurements., 

The specimen, and usually the dilatometer tube and rod, were 
measured for initial length before assembly of the dilatometer unit. The 
dial gage housing was anchored to the stainless steel extension tube, and 
the dial gage was zeroed. The unit was then inserted into the furnace and 
hung from the top. The bell glass was attached, the furnace sealed and 
evacuated several times, and purged with helium gas. At this point, the 
power was turned on,and the furnace heat-up started. The furnace was 
evacuated several more times while below 800“F to remove boil off and 
assure an inert atmosphere. 

Data points were taken at approximately 250-500®F intervals 
t.iroughout most of the temperature range. At a given power setting at 
least three times the theoretical soak time was allowed for complete 
elimination of specimen temperature gradients. 

Throughout all runs, careful attention was directed to the 
indication of inflections in the expansion of specimens. When slope 
changes were evident, readings were taken much more regularly to 
insure true analysis of specimen behavior. 
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Data points were taken at less frequent intervals during the cooling 
period on most runs. The room temperature zero return was recorded on 
all runs and compared to the original zero setting. 

At the completion of all runs, the specimen length was measured 
and recorded. On most runs, the tube and rod were measured to determine 
the permanent change in length. The conditions of the specimens following 
the runs were very, carefully observed and recorded. 

The thermal expansion data recorded during all specimen runs 
provided dial gage readings at given absolute temperatures. The treatment 
of the raw data required that the dial readings (observed total elongation) 
be converted to observed unit elongation, that the unit correction for the 
expansion of the graphite dilatometer tube be applied, and that the 
correction be algebraically added to the observed unit elongation to obtain 
the corrected specimen unit elongation. 

Error Analysis 

From a study of the calibration runs and the specimen data obtained, 
results were repeatable to abo'jt 0. 00025 in. / in. at any given finite temper¬ 
ature range; and rod, tube, and specimen growth accountability was within 
0. 0005 in. /in. over the entire exposure. The agreement with standards was 
also good so that the accuracy was estimated within 5%. . For a thorough 
discussion of the error analysis refer to WADD TR 60-924. 


Data and Results 




The thermal expansion data are included in Tables 6 through 23 and 
plotted in the graphs of Figures 44 through 61. For those runs in which the 
specimen was not melted or otherwise destroyed, the initial and final lengths 
are shown as measured by a micrometer to within± 0. 001". If the curve of 
unit expansion versus temperature contained a straight line portion, a tangent 
coefficient of expansion was shown on the curve; otherwise, over-all (or secant) 
coefficients were noted over a fairly large temperature range. 


Practically all of the materials exhibited linear expansions up to 
within about 1000°F of their ultimate exposure temperatures. Usually, the 
materials then shrunk, expanded, and proceeded to either fracture or melt 
just prior to the maximum temperature. The maximum temperature was 
easily defined in most cases when the specimen fractured or melted. In 
the remaining few cases, the growth or expansion rale became so great 
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with increasing temperature that the run was stopped and the appearance of the 
specimen confirmed that the material was no longer structurally sound. 

For some materials, the growths and shrinkages were related to 
structure changes, additional sintering, densification or some other known 
physical event. For other materials, the growths or shrinkages were 
unexpected and were not explained by post exposure chemical or micrographic 
analysis. In spite of these anomalies, the thermal expansion data provided 
the good indication of the performance of the material at high temperature 
and pointed out some of the difficulties that could be expected in other 
measurements. 

The expansions of the'different borides were orderly and linear up 
to about 4000’’F. All materials had coefficients within the range of 4. 2 x 10"® 
to 5 X 10"® in. /in. /“F. 

Above 4500“F, all of the borides deteriorated. Most of these materials 
have crystals that should be stable to over 5000"F so the failures, were undoubtedly 
in the grain boundaries and in-the poor structure between the-crystallites. The 
photomicrographs confirmed this between,grain and across void failure. From 
this observation, it can be deduced that the expansion was probably dependent 
on the between-grain structure. From the post exposure chemical analysis, 
there was no change in composition that should have influenced the thermal 
expansion. Only the thorium tetraboride and zirconiuin diboride (TR 60-924} 
gave evidence of densification. 

The expansions of the carbides were linear up to about 4000®F with 
coefficients ranging from about 2. 9 to 5. 0 x 10"® in, /in. /"F, Although Several 
of the carbides were sound to 4500®F, only hafnium carbide performed to 5000“F. 
At the top temperatures, all of the materials had considerable growth excepting 
hafnium carbide and zirconium carbide, which shrank but did not densify 
appreciably. From the chemical analysis, there was tittle change in 
composition before and after the exposures; however, the photomicrographs 
revealed considerable rearrangement of the carbide phase with migration to 
grain boundaries and changes in the dispersion size and shape. These 
structural changes could have accompanied and irreversibly altered the thermal 
motions. The four carbides, MOjC, TiC, WC, and VG, all had the previously 
mentioned slope increases a few hundred degrees below their deterioration 
temperatures. There was some evidence of melting on all of the specimens 
after exposure. It is interesting to note that the tungsten carbide specimen had 
a sharp expansion slope change at 3900“F, then still an additional slope change 
at about 4700-4800'’F, but did not show signs of melting until about 4960°F, 
the top exposure temperature. Literature references give a decomposition 
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temperature for WC of 4760-4770°F. Further investigation of the literature 
(Leo Brewer, et al. The Chemistry and Metallurgy of Miscellaneous ?*ateriala - 
Thermodynamics, McGraw-Hill, 1950) reveals that WC decomposes to form , 
WjC and carbon at ^TSl^F and WjC melts at 4941'’F. From this information. 


it would seem that the tungsten carbide specimen decomposed and that the 
final material, WjC, began melting at about 4960®F, the maximum exposure. 
A comparison of the. initial and final densities and chemical analyses did not 


confirm any transforniation to WjC. 


The expansions of the nitrides were rather linear up to 2000°F to 3000"F 
with coefficient ranging from 1 . 9 x 10"® to 5. 0 x 10“® in. /in. /®F. Whereas the 
motions of the silicon nitride and boron nitride became erratic at slightly above. 
3000®F, all other nitrides performed in some more orderly fashion to well over 
4000®F. The thermal motions over 3000°F were somewhat erratic, indicating 
decomposition and phase changes, and there were some large shrinkages and 
growths; however, the materials did remain structurally integral. The. 
photomicrographs revealed that the structures macrocracked rather seriously 
and that the phases,changed in size and distribution. These influences 
undoubtedly introduced irreversible motions. From the chemical analysis, 
there was appreciable carbon pickup in the tantalum nitride; however, up 
to 3500®F, this contamination was essentially zero and did not influence the 
data. All of the nitrides dens if led, although some cracked and let the 
structure open so that the expansion indicated a growth as for boron nitride. 


The expansions of the oxides were typically unpredictable, with 
reasonably linear behavior up to a temperature (depending on the material) 
and coefficients ranging from about 4 x 1G~® to 7. 9 x 10"* in. /in. /*F. These 
values were a little higher than for the other refractory tj^Des. At temper¬ 
atures above the linear thermal response, the thermal motions were erratic 
undulating either as a growth or shrinkage. From the photomicrographs, 
the crystallites were rather loosely bonded by smaller crystallites and an 
amorphous structure with many voids. This interconnecting structure 
probably accounted for a large part of the total ejqjansion. After exposure, 
many cracks were observed, which had introduced irreversible thermal 
motions. This sanie phenomena was recorded for the hafnia and would 
probably be true for all of the oxides. The phase change for the zirconia 
is well described in the literature and the considerable increase in the 
expansion coefficient on reruns of the same specimen was probably 
evidence of irreversible phase shifts. All of the oxides densified somewhat, 
although the beryUia and magnesia structures opened with gross surface 
cracks. There was no chemical change in the composition that would have 
influenced the thermal expansion. 
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i For the ATJ graphite, tungsten, columbium-0. 5 zirconium and 

molybdenum-0. 5 titanium, the coefficients ranged from about 2 x 10"® to 
7 3 X 10'® in. /in. /“F for all but the columbium alloy, which had a high value 

i. of 5.45 X 10'® in, / in. /“F, For the graphite, there was no large inflection 

in the thermal motion at the higher temperatures, although there was an 
j irreversible growth. In similar graphites, SRI has noted irreversible 

i. shrinkages depending on the specific history-of the graphite. Data published 

" by National Carbon Company on ATJ are about 10% higher; however, this "■ 

deviation is far less than the deviation shown for the heat treatment of a i 

single sample. The refractory metals all experienced,a severe shrinkage 
at the higher temperatures well before melting started, although only the 
columbium alloy indicated much densitication from the density measurements. 

— The chemical analyses indicated some carbon pickup during the exposures, 
but the photomicrographs indicated primarily a surface effect and little change 
in the grains of the structure. The macrocracking was undoubtedly irrevers- 

— ible. For tungsten, WADC TR 56-423 reports coefficients ranging from 
2.1 X 10~® to 3. 3 X 10'® in. /in. /®F. On many other tungstens, SRI has 
obtained values of 2.1 x 10“® to 2 . 6 x 10'®; however, a value of only 

— 2. 0 X 10"® was found for this arc cast specimen. Apparently, the range 
for tungsten is broad. The shrinkage of the tungsten between 3000®F and 
4000“F probably is related to the softening temperaturevahd void closure 

— For the molybdenum and columbium alloys, the temperatures at which the 
gross shrinkages started corresponded with the annealing temperatures of 

: the main elements. 

The thermal expansions of most of these refractory materials 
generally followed the classic laws up to 2000“ F to 3000“F with the normal 
lattice expansions with increasing temperatures and lattice energy levels. 

The crystallites (and matrix phases) probably expanded in an orderly fashion 
with some loss of motion in the interconnecting structure or dispersions. At 
the higher temperatures, the thermal motions were probably influenced rather 
severely by annealing, macrocracking, intercr.ystallite refinement, and other 
phenomena related to the type of structure obtained for hot-pressed and pressed 
and sintered materials. 

[" ” - • 

"" HEAT CAPACITY 

Apparatus and Procedure ■ 

The apparatus used for heat capacity employed the drop technique 
in which the specimen was heated in a tube-type graphite furnace and 
then dropped in an ice calorimeter in which an ice mantle had been 
^ frozen around the cup. The heat from the specimen was sensed as 

the change in volume as some of the ice melted. The annulus containing 
* the flooded ice mantle communicated with the atmosphere through a 
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mercury column so tliat the change in volume was read directly on a 
calibrated glass tube to provide a volumetric mercury accounting system. 

The flutter valve immediately above the cup is a major feature and blocked 
radiation losses from the specimen up the drop tube. This heat was conducted 
to the cup wall and ice mantle. The details of the furnace were presented in 
an earlier section of this report, see Figures 2 and 6. A cross section of 
the apparatus is shown in Figure 62, Detailed pictures of the ice calorimeter; 
the ice mantel, and the drop rig are shown in Figures 63, 64, and 65. 

. i ’ 

In operation, the specimen (normally f-” in diameter by about !•" long) 
was enclosed in a basket and tungsten or tantalum foil when required for 
protection from carbon vapor, heated to desired temperature, and dropped 
into the ice calorimeter. Typical data showing the mercury displacement 
as a function of time before, during, and after the drop are plotted in 
Figure 66. The mercury displacement was a measure of the arhount of 
ice on the mantle that had melted; the time was measured from any selected 
interval after freezing the mantle and permitting the subcooling to equilibrate 
at 32*’F. For the first 30 minutes or so, the slope was a measure of the heat 
loss from the system. At the time of the specimen drop, the slope increased 
sharply. After the specimen had cooled to 32‘’F, the curve flattened out 
to the same slope'that existed before the drop. The heat removed from the 
specimen and basket was proportional to the displacement of the two slopes 
before and after the drop. To determine the enthalpy Of the specimen 
alone, it was necessary to know the eiffect of the drop basket, radiation 
losses, drop losses,, and unknowns upon the system. These factors were 
determined by making runs with the drop basket alone. The mercury 
displacement caused by dropping the basket included the above-mentioned 
losses and provided a convenient way to correct for system unknown. The 
mercury displacement units were calculated so that one cc theoretically was 
equivalent to 3.5 Btu. 

Material: Synthetic Sapphire at ISOS^F 

From Figure 66, total displacement 

From Figure 66, basket displacement 

By subtraction, displacement due to specimen 

Specimen Weight = 21. 765 grams = 0. 048 lbs 

Enthalpy = 390 Btu/lb (Reference 32®F) 

. U.U4o 

Drops were made at 500®F temperature increments and enthalpy 
versus temperature plots obtained. Different techniques have been 
employed to reduce the enthalpy data to heat capacity versus temperature 
information. First, the slopes of the enthalpy plots were read from the 
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= 5.95 cc 
= 0. . 0 cc 
= 5.35 cc 







curves at IGOOT total increments around a mean temperature. This slope 
was the average heat capacity of the material at this temperature. This 
technique has the major advantage of being insensitive to small, odd 
inflections in the curve and yet, provides reliable data that is not distorted 
by the practical inability to write a precise^equatipn that matches the 
enthalpy plot throughout its entire range. The solid curves were plotted 
using this technique. 

As a second method of treating the enthalpy data to obtain heat 
capacity versus temperature information, cubic equations were written 
for the least squares curve fit of the enthalpy plot, and the heat capacity 
was, found by differentiation of the enthalpy equation. Unfortunately, 
most of the enthalpy data, over the wide temperature ranges-employed, 
had several inflections so that the equation actually fit precisely only 
at a few points of intersection rather than over the entire range. Since 
heat capacity is the derivative of the enthalpy plot, any deviation of the 
equation from the observed data introduced a magnified error in heat 
capacity. Further, this equation did not anticipate the theoretical 
behavior. 

Finally, a technique was selected that does not provide the best 
definition of the enthalpy data over the entire temperature range but does 
anticipate the theoretical behavior and is.consistent with methods recom¬ 
mended by WADC TR 57-308 and K. K. KeLley.in USBM Bulletin 584, The 
enthalpy data were fitted by a least squares treatment of H^-Hg = aT + bT* 

+ c/T + d. The derivative of this equation provided a relation for heat 
capacity that was adjusted in the lower temperature range by resolving 
for the value of c to make the plot of the equation pass through the heat 
capacity value obtained graphically at SOO^F for each material. This is 
similar to the technique of Kelley in making the equation pass through a 
known value at zero reference temperature. All data from past reports 
and TR 60-924 have been converted to this data treatment and the equations 
included in the figures herein and in Table 24 for the materials of TR 60-924. 
The equations are good from 500*'F to within about 500*’F of the top exposure 
temperatures but cannot be extrapolated, 

Error Analysis 

A compilation of all errors indicated that the apparatus was accurate 
to well within 5% error over the entire temperature range. Comparison of 
Southern Research Institute data on copper, Linde synthetic sapphire, ATJ 
graphite, and many other isolated check points on the specimen materials all 
confirmed the accuracy. For a thorough discussion of the error analysis 
and the data on copper and sapphire refer to WADD TR 60-924. For the 
reference data on ATJ graphite and tungsten, see Figure 67. These data 
are discussed in the next section. 






Data and Results 

Data for the heat capacities of the materials are presented in Tables 
25 through 42 and Figures 68 through 85. Reference values are included on 
the curves. In the figures, the enthalpy above the reference temperature of 
32*’F was plotted against specimen drop temperature and an equation developed 
for the data. The heat capacity curve was developed and plotted on a: second 
part of the same figure. It is emphasized that the heat capacity equation 
presents instantanebus values since the slope of the enthalpy curve at a given 
temperature is plotted as heat capacity. Mean data can be obtained from 
the enthalpy curve, .which would be the over-all capacity frOm 32*’F to a 
selected temperature; however, the instantaneous data are probably 
preferred by most designers and data analysts. Recall that there is some 
hazard in presenting instantaneous data in that the heat capacity curve 
may show excessive undulating character or excessive linearization that 
is not strictly a property of the material, and that data at a temperature 
immediately above or below any one temperature influences the slope at 
a finite temperature range as obtained by this analytical approach. 

The heat capacity values for the borides were orderly, increasing 
with temperature for all materials except for titanium diboride above 3500“F, 
and tantalum boride and zirconium boride above 2000°F. For these materials 
the values became about constant. An inspection of the enthalpy data for 
these borides reveals that there was considerable scatter above 3000"F, 

From the photomicrographs, the dispersion phases did change at the higher 
temperatures and hew interfaces were formed. This same physical behavior 
was noted for the tungsten boride for which the data tended to behave similarly. 
The heat capacity values at 3000“F ranged between 0.1 and 0. 2 Btu/lb/‘’F for. 
the borides with titanium boride a little higher and tungsten boride a little 
lower. 

The enthalpy data for the carbides contained a minimum scatter to 
the higher temperatures, and the heat capacities increased un’-formly with 
temperature and became essentially constant above 3000®F to 3500®F. Two 
exceptions were zirconium carbide and vanadium carbide, which had 
increasing values through the high temperature range. The vanadium 
carbide had a rather large decrease in density after,the high temperature 
exposures. The photomicrographs for these materials revealed relatively 
little change in their structures. The heat capacities of> the columbium 
carbide, dimolybdenum carbide, and tungsten carbide were orderly even 
though the picture's indicated rather severe changes in the dispersion 
phase and the formation of new interfaces. The values -of the carbides 
ranged from about 0. 1 Btu/lb/“F to 0.4 Btu/lb/*F with hafnium carbide, 
tantalum carbide,; and tungsten carbide being on the low side. 
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The heat capacities of all the nitrides increased with increasing 
temperature initially and then became fairly constant at above about 2000“F 
to 3000*F. The enthalpy data for the zirconium nitride had considerable 
scatter. This material showed considerable degradation at above 3000®F. 

All of the nitrides contained considerable dispersions and formed new 
interfaces so the normal increase in lattice energy with increasing temper¬ 
ature might not be expected. The large densification of the tantalum nitride 
and titanium nitride undoubtedly influenced the ability of the lattices to store 
energy and distorted the character of the heat capacity curve. The heat 
capacity of the nitrides at 3000*’F ranged from about 0.08 to 0.3 Btu/lb/®F 
with tantalum lower and boron nitride much higher at about 0.45 Btu/lb/®F. 

The heat capacities of the oxides increased with temperature 
initially and then tended to become constant. Generally, the data scatter 
was high, probably because of the temperature-time dependence of the 
poorly developed structure between the crystallites as shown in the 
photomicrographs. The values for the oxides at 3000®F ranged from 
about 0. 08 Btu/lb/®F for thoria to almost 0. 6 Btu/lb/®F for beryllia. 

The other oxide materials had values ranging from about 0.1 to 0.3 
Btu/lb/"F at 3000®F. Literature data.(WADC TB 58-476) for MgO and 
ZrOg give comparable specific heat values fob these materials at 1500“F 
and 2000°F, respectively. At 1500°F for MgO, the literature value is about 
0. 32 Btu/lb/°F, as compared to Southern Research Institute data of 0. 31 
Btu/lb/“F. At 2000°F for ZfOj, the literature shows a specific heat of 
about 0. 154 whereas Southern Research Institute data are about 0.162 
Btu/lb/*'F. On ZrOj, the influence of a phase transformation was expected, 
as had been found in other zirconias in the 2000®F to 25G0®F temperature 
range, but was not noticeable in the data. Observe the curves for the 
different zirconias. 

For the ATJ graphite, tungsten, columbium-0. 5 zirconium, and 
molybdenum-0. 5 titanium, the heat capacities increased with temperature 
initially and then became either linear or constant at above 2500°F. 
Apparently, the densification of the columbium alloy, the formation of the 
many interfaces in the tungsten, and the changes in the dispersion phases 
did not introduce sharp inflections in the heat capacity-temperature curves; 
hovjever, these factors may have influenced the. freedom of the lattice to 
vibrate and store energy on an accumulative basis of temperature-time 
and thus influenced the over-all shapes of the curves. For the graphite, 
the agreement beUveen Ubbelohde and the SRI values was excellent, as 
shown in Figure 67, when using the SRI equation. The graphical data 
of SRI contained more character, but the agreement was still good. 

For the tungsten, the agreement between the Rembar and the SRI values 
was excellent at above 1000°F when using the SRI equation. The agreement 
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with WADC TR 56-423 was not so good with that data being about 13% lower; 
however, the data frbm WADC TR 56-423 provided a heat capacity curve 
concave upward contrary to theoretical expectations and as would be obtained 
if low enthalpy values were obtained in the mid and higher temperature 
vicinities. As discussed by Kelley, the drop method should retain its 
precision at higher temperatures whereas the direct measurement of heat 
capacity at different temperatures and the summation of these values results 
in'an accumulation of errors with the same problems of data treatment. 

The graphical data of SRI for tungsten were a little higher in the mid-temper¬ 
ature raiige and a'little lower in the high-temperature range. Of course, 
the same equations should be used for a strict comparison of data between 
different investigators. For the alloys, no good reference data were 
found; There is no evidence that the carbon pickup in the materials influenced 
the heat capacities. The small amount of additional carbon entered as 
dispersions or surface effects and contributed only on a weight percentage 
basis and not by influencing the basic lattice arrangements. Other factors 
such as intercrystallite lattice growths and void alterations were undoubtedly 
much more significant. 

During this program, it was found that all materials of the "same" 
composition do not have the same heat capacities. For example, a 
zirconium diboride from another investigator had enthalpy values 16% 
higher at 1300*F When both were analyzed in the SRI equipment. Further, 
some pressed and sintered tungstens from another-source were found to 
have heat capacities much lower than that of the arc cast material in this 
program and in good agreement with values from WADC TR 56-423. 

The data in the tables for enthalpy and drop temperature include 
the weight of the specimens before and after each drop. These data, 
provide valuable information on the stability of the material as the 
weight loss can be obtained as a function of temperature. The times 
at temperature were not held constant but were usually about 15 
minutes with one to two hours required to reach the temperature level. 

SRI THERMAL CONDUCTIVITY:: 

Apparatus and Procedure 

Thermal conductivity measurements were made to 5000“F with 
a radial heat flow apparatus that ■ ized a miniaturized specimen |-" long. 

A cross-section schematic and a pL.;ture of the conductivity apparatus 
are shown in Figures 86 and 87. respectively. The apparatus consisted 












primarily of (1) water calorimeter that passed through the center of the 
specimen; (2) guards made from the specimen material at both ends of the 
specimen to prevent axial heat losses; (3) optical or thermocouple temper¬ 
ature measuring devices in the specimen; and (4) an external heat source. 

The water calorimeter provided a heat sink at the center of the specimen to 
create a substantial heat flow through the material. Thermocouples mounted 
apart in the calorimeter water stream measured the increase in the 
temperature of the water as it passed through the gage portion of the 
specimen. By also metering the water flow through the calorimeter, all 
variables necessary for calculating heat flow were determined. The total 
radial heat flow through the specimen gage section into the calorimeter 
was calculated from the standard relation of Q = MCAT. In this particular 
case, M was the weight of water flowing per hour, C was unity for water, 
and AT was the temperature rise of the water as it passed through the gage 
section. 

The specimen configuration was long, J*" outside diameter, 
inside diameter, with deep, 0. 073” diameter holes on radii of and 
permit temperature measurement within the Bpecirtien, Guards of specimen 
material, generally and long, were placed above and below the 
specimen, respectively, to maintain a constant radial temperature gradient 
over a sufficient axial distance and minimize axial heat flow. Graphite 
tubes filled with thermatomic carbon were placed next to the specimen guards 
and further insulated the system. The graphite tubes also held the specimens 
in alignment. The combined effect of specimen guards and excellent 
thermatomic carbon insultation permitted a minimum axial temperature 
gradient not detectable by optical pyrometer readings sensitive to 10°F. 

To provide controlled radial heat flow from the ^’’ inside diameter 
of the specimen to the outside diameter of the water calorimeter tube, 
the annulus was packed with copper, graphite, or lamp black. The filled 
annulus permitted heat flow through the material and, also, provided a 
positive method of centering the water calorimeter within the specimen. 
Generally, copper granules were preferred as the packing on low temper¬ 
ature runs to increase the heat flow, and graphite lathe dust on high 
temperature runs. Some exceptions were encountered, especially on 
materials with a high conductivity. To prevent swamping of the calorimeter 
by excessive heat flow in these cases, low conductivity packing materials 
were used. 

Up to 20G0‘’F, the specimen temperatures were measured with 
chromel-alumel thermocouples. At high temperatures, optical sight 
tubes were aligned to view the bottoms of the specimen temperature 




holes from the top of the furnace. The temperature drop across the 
specimen distance was then read with an optical pyrometer sighted through 
a right-angle mirror device. 

In the prior Figure 87 showing a typical conductivity calorimeter 
apparatus ready for insertion iri a furnace for a run, the specimen and 
specimen guards can.be seen at the center of'the unit. The specimen 
guards were shouldered within the graphite extension tubes that contained 
lamp black insulation. A water-cooled, stainless-steel section can be 
seen at the top of the unit. This section provided permanent optical sight 
tubes to within about 2^" of the guard specimen^ in addition to a permanent 
mount for the right-angle mirror device. Within the short graphite tube 
between the water7Cooled section and the top specimen guard, graphite 
sight tubes were fitted. The remainder of the annulus was filled with 
lamp black insulation. 

For the 2000“F temperature range, several thermocouple readings 
were made along with the optical pyrometer readings as a check. Tbe 
thermocouples were placed in the specimen through the graphite and 
water-cooled tubes. This arrangement permitted’crosschecking without 
the inconvenience of an additional run. 

During thermal conductivity runs, the following data were recorded; 
(1) power input; (2) specimen face temperature; (3) specimen temperatures 
in the gage section at the and radii; (4) temperature of the water in 
the calorimeter at two points apart axially within the specimen center; 
and (5) flow rate of the water through the calorimeter. Several readings 
(four to six) were made at each general temperature range to establish 
data scatter, to eliminate the error due to stray points, and to determine 
the influence of water flow rates through the calorimeter and provide a 
method of observing internal consistency in the data. Generally, a series 
of readings were made about every 500®F through the temperature range. 

All thermocouple readings were measured on a Leeds and Northrup 
K-2 null balance potentiometer used in conjunction with a galvanometer of 
0.43 microvolts per mm deflection sensitivity. All optically measured 
temperatures were read with a Leeds and Northrup Type 8622 optical 
pyrometer. The flow rate of the calorimeter water was measured with 
either a Fischer and'Porter Stabl-Vis Flowrator or Brooks Instrument 
Company flowmeter. 
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The thermal conductivity values for the materials evaluated under 
this contract were computed from the relation 

K - Q 
AAt/L 

where Q was the heat flow to the calorimeter within the specimen gage 
section; A was the log mean cylindrical area between the and 
radius circles through which the Q passed; AT was the specimen 
temperature change between the and radius circles; and L was 
the radial distance (Jp") over which specimen AT was measured. 

Qj in the above equation, was determined frbrn the measured 
calorimeter water flow and temperature increase in the specimen test 
section. A was calculated directly for the particular specimen configura¬ 
tion to be 0. 00267 square feet; L was known to be 0.125". The sn''::imen 
AT was used directly in the heat transfer relation. A sample cal^mation 
follows; 

HjO Flow = 17. 0 gph 

HgOAT =3.14"F 

Specimen AT = 182*F 

Specimen Mean = 1810“F 

Substituting in the initial equation gives; 

Q - McAT - g3.1 X 8. 33 lb 1 Btu x 3.14**F 

^ ■ hr gal lb "F 

Q = 444, 2 Btu/hr 

Solving the heat transfer equation for K gives: 


AAT/L 

,, 444. 2 Btu X 0.125 in. 

hr 0. 00267 ft2 X 182-F 

K = 114.3 Btu/hr/ft2/»F/in. 


£ 
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On high temperaiure runs where the specimen AT was measured 
through the optical sight tubes., both of which had absolute temperature 
loss, the effective temperature of the specimen test section was determined 
from the specimen outer face temperature as a reference. For the 
specimen configuration used, the radial distance from the specimen face 
to the log mean of the test section was a length about equal to the 
distance between the two specimen temperature measuring points. To 
obtain the mean specimen temperature, 83% of the measured temperature 
drop was subtracted from the specimen face temperature. The 83% value 
was arrived at by the ratio of the log mean area of the outer g-" section to 
the log mean area‘of the section where the specimen AT was measured. 

Error Analysis 

A review of the different errors indicated that the systematic 
errors were small, and the random errors somewhat larger. From this 
analysis and the runs on the "standards, " the scatter was estimated at 
10% and the absolute error at less than 7%. For most materials, the 
probable error was in the range of from 5% to 7%, based on the 
deviation of observed data points from the smooth curve fit of the data. 

For a detailed error analysis refer to "A Radial Heat Flow Method for 
the Measurement of Thermal Conductivity to 5200"F, " a paper by 
W. H, Mann, Jr. , and C. D. Pears presented at the Invitational 
Conference on Thermal Conductivity Methods at Battelle Memorial 
Institute on October 26, 27, and 28, 1961, 

Data and Results 

The data fpr the thermal conductivity are presented in Tables 43 
through 61 and plotted in the graphs of Figures 88 through 109, At least 
duplicate runs were made for all materials. In many cases, runs were 
made on both heat-soaked and unheat-soaked materials that were not 
homogeneous as indicated by the photomicrographs and density and 
chemical analysis before and after the exposures. For the better 
materials, the scatter was considerably less. 

Reference data are included oh several of the graphs indicating 
values obtained by other investiga'ors. In most cases, comparative 
data were not available. In practically all cases, the investigator had 
not reported sufficient, information on the specific structure and 
chemistry of the material. 
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A few graphs are presented on materials that were reruns of the 
prior program under WADD TR 60-924. 

During thermal conductivity runs, the specimens, even though 
only in diameter, still had rather severe thermal gradients present 
between outside and inside diameters. Materials with high internal 
stresses are prone to*break easily when exposed to such gradients and 
quite often fracture at comparatively low temperatures (2000“F) before 
data can be obtained in the 3000-5000“F range. Heat treatment of 
specimens prior to data runs proved to be very helpful in relieving 
internal stresses and improving the thermal shock resistance. 

To establish the ^leat soak procedure, the materials were evaluated 
first for thermal expansion. These data provided knowledge on melting 
points, deterioration points, and points of definite inflection in thermal 
expansion. Using this information as a base, materials were programmed 
for one of the following heat treatments: (1) at 4000®F (for 30 minutes), 
heated slowly and cooled slowly; (2) at 500“F below the temperatures at 
which melting or deterioration occurred during expansion runs (for 
30 minutes), heated slowly and cooled slowly; or (3) at about 100"F below 
the temperature at which the initial marked inflection of the expansion 
curve occurred (for 30 minutes), heated slowly and cooled slowly. The 
lowest temperature of the three choices was selected for each material 
in an effort to prevent damage during the heat treating process. 

Even though extreme care was taken in heat soaking the specimens, 
some damage occurred on a few materials. Most specimens were 
undamaged, however, and undoubtedly had improved thermal shock 
resistance. Of the materials that were heat treated, only hafnium diboride 
and tantalum nitride were appreciably damaged. One of the three pieces 
of hafnium diboride was damaged beyond use and was replaced with a new 
piece of material. The two guard pieces were slightly damaged also, but 
were cut to provide suitable surfaces for use. One of the tantalum nitride 
samples broke in half during the heat treating process. This specimen 
broke just as did several of the refractory materials that were not heat 
soaked in prior work. The new pieces of hafnium diboride and tantalum 
nitride were both heat treated at temperatures lower than on the initial 
heat treatment. Possibly, the initial treatment was at a temperature 
higher than should have been selected. Both were soaked at 4000°F 
initially, which was less than 500®F of the melting or deterioration point 
of the material; however, expansion curve inflections were very near the 
4000'’F points (see Figures 44 arid 53), indicating that some material change 
occurred in that range. Extreme care was taken on all subsequent heat 
treatments to prevent recurrences-of-specimen damage. 
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Following is a tabulation of heat treatment temperatures for the 
ten materials; 

Hafnium Dibbride - 4000®F, then new piece at 3500“F 

r . 

Titanium,Diboride - 3800®F 


Tungsten Boride 
Dimolybdenum Carbide 
Titanium Carbide 
Tungsten .Carbide 
Vanadium Carbide 
Tantalutn Nitride 
Molybdenum-0. 5 Titanium 
Columbium-0. 5 Zirconium 


- 3500?F 

- 3200“F 

- 4050"F 

- 3875®P 

- 3675®F 

- 4000“F, then new piece at 3000“F 

- 2800®F 

- 3350®F 


Following the heat treatment process, the small radially spaced 
temperature measuring holes were drilled in the specimens. These holes 
were not drilled prior to heat treatment because the holes.act as crack 
initiators. 

It is difficult to determine the influence of the structures of the 
materials on the measurement of conductivity. As mentioned, practically 
all materials had severe dispersions and macrocracks. Certainly if a 
temperature measurement hole were located close to a nonuniformity, an 
error was introduced in the measurement by the distorted temperature 
gradient. The scatter in the data was probably introduce.d, primarily, 
by these heterogeneities. 

The conductivities of the boride materials generally decreased with 
increasing temperature and then increased somewhat. All had a value of 
about 300 Btu/hr/ft“/,®F/in. except zirconium diboride, which was about 
30% lower. The matrices of the thorium tetraboride, tungsten boride, 
and zirconium diboride materials became more continuous and the 
dispersions agglomerated a little with temperature. These behaviors 
probably would increase the conductivity. The borides may behave as 
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a polycrystalline graphite with lattice vibrating; controlling at the lower 
temperature and electron conduction permitting the higher,conductivity 
at the higher temperatures. Certainly, there were enough grain boundaries 
to scatter the lattice vibrations and prevent the normal operation of this 
mechanism. A rerun of the zirconium diboride is shown and provided data . 
in good agreement with that in the prior report^ WAI>1D TR 

The conductivities of , most of the. carbides behaved eiTnilarly with 
decreasing values with- increasing teniperature at the lo^er' Level and 
then increasing values at higher temperatures. A| 5 ^exeepiipniiwas the 
tungsten carbide with a eurve convex upwards. Tho dsevolp^^ 
gross macrocrack system in tungsten carbide 

decreasing rate of thcrease in conductivity. . Both dlmolybdenum carbide 
and columbium carbide, had-similar macrodr.ack-systems bhat probably 
accounted for the large scatter in tjttetr data._i,'lbere w.er& ^ 
tinuities .and macrOoracks in about all of tbe^ carbidjes^^Biindiar td^^^ . 

found in the borides that undoubtedly disrupted; the fhermar gradieTlts 
and introduced scatter in the data. The duplicate runs; should haive . 
eliminated the probability of gross errorsbrotn-this caufe, 

A rerun was made of the hafMbte carbide reported previously in 
WADD. TR bO-924. ' Note tbat the new daid pjrdv^de-d; a fairly Bmooth 
extension of the Old-data If om ab6ub2OOi“F-^ i^i0^*F3. A^^ the 

higher data for the one rUn m;the. prior report w^ bnva Bpecincien bhat 
contained undetected macrOGracks, which seyer^y distprte.d the thermal 
gradient. This material did have rather severe ^alighed d is Continuities. 

Whereas the conductivities of the bbboh nitride and.^il.icbn nitride , 
decreased a little with Increasing temperature to values Of about 120 and 50 
Btu/hr/ft^/®F/ln. at SOOO^F, respectively,, the values for tifaniuni nitride, 
tantalum nitride, and hafnium nitride increased te about 150 Btu/hr/ft*/®F/in. 
at 3000“F and for the tantaluni nitride on up to MOO^Fi The tantalum nitride 
had a heavy dispersion and considerable densificatipn at temperature. All of 
the nitrides contained gross dispersions as yiewed^ih the photOmiGrpgraphs 
and had many aligned discontinuities that probably developed into macrocracfcs 
with temperature exposure. The data for the boron Uitride were in good 
agreement with data in WADG TR 58-476. Ibemiriimum, scatter for this 
material was indicative of data obtained on a fairly sound structurei 
Observe from the photomicrograph that this materia.l was fairly homogeneous 
and, when it cracked, the failure was gross and easily delected. 

Except for the hafnia, the conductivities of the oxides decreased with 
increasing temperature, .as expected for the lattice vibration mechanism 


of dielectrics, but 'then increased at the higher temperatures. This 
increase was probably' related with the introduction of the electron 
transfer as the materials became better electrical conductors at above 
3000®F. Although the Wiedemann-Franz law does not apply strictly even 
at the lower temperatures, it was completely reversed at above 3000"F. 
Obviously, another mechanism prevailed. The numerous grain boundaries 
and the poor structure between the crystallites undoubtedly scattered the 
lattice vibration and did not permit that mechanism to operate ideally. The 
conductivity values for most of the oxides were about 10 to 20 Btu/hr/ft®/®F/in 
at 3000''F with ceria a little low at 5 Btu/hr/ft®/®F/in. and beryllia a little 
high at about 75 Btu/hr/ft^/"F/in. The literature values for thoria, zirconia, 
hafnia, and magnesia are in fair agreement; however, the literature values 
for beryllia are about 30% higher at 3000”F than for one specimen and twice 
as high for another. The beryllia investigated under this program had a 
theoretical density of better than 99%; however, the density is not.neces¬ 
sarily a good measure of the conductivity of a material. Observe from the 
photomicrographs of’ this beryllia that it was unsound wi.th crystallites 
poorly connected by voids and an agglomerate phase. Obviously the 
thermal conductivity would be influenced more by the agglomerate phase, 
which was continuous throughout the structure, than by the properties of 
the crystallite (the'particles). As for the other oxides, there also was 
very little particle deformation and diffusion bonding. -The structures 
were more like packed sand with only spot bonding. In spite of these 
photomicrographic observations, the materials were visually dense, smooth, 
strong and represented the current state of the commercial art in forming 
and fabrication. The conductivities were probably more influenced by the 
structure and macrocracks than by any other property. The conductivity 
curve for beryllia had a marked inflection at about 2100®F, the temper¬ 
ature of a phase change in this material; however, the other properties 
did not indicate an inflection at this temperature. 

The conductivities of the ATJ graphite, tungsten, columbium-0. 5 
zirconium and molyb’denum-0. 5 titanium decreased with temperature to 
values at 3000®F of about 500 Btu/hr/ft^/“F/in. for the tungsten and 150 
to 200 Btu/hr/ft^/“F/in. for the ATJ and the columbium'and molybdenum 
alloys. Above 3000®F, the conductivities of these materials increased 
somewhat. In these polycrystalline structures, it seems logical that the 
electron transfer was responsible for the increasing conductivities at the 
higher temperatures. For the graphite, the structure contained voids, 
inclusions and a poorly developed lattice between the crystallites. Also, 
there were many macrocrack systems. Undoubtedly, the conductivity 
data contained scatter resulting from the distortion of the temperature 
gradient by these discontinuities near the temperature measurement holes. 
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For the tungsten and the two alloys of columbium and molybdenum, the data 
scatter was fairly small. All contained dispersions and aligned discontinuities; 
however, only the tungsten macrocracked severely. For the tungsten, the 
products of two different suppliers behaved similarly as to the behavior of the 
structure with temperature exposures. Generally, all of the metals densified 
and showed a slight carbon pickup at above 3500® F, The densiftCation rriay have 
contributed to the increased conductivity at .the higher temperatures> It is 
doubtful if the carbon pickup seriously influenced the data even alJPve 3500"F 
since the carbon appeared to go into the dispersions and the dispersions were 
so gross. Observe for the tungsten and ATJ graphite, that the ddta on the new 
specimens were somewhat different than that Reported in WAC^ 60-924. 

For the tungsten, the values were a little higher and the curve smoother. 

For the graphite, the conductivity of the new batch of material, at the higher 
temperatures, was appreciably higher. For Ihe same batch of-material, the 
values were the same regardless of the specimen size of or I". The lower 
values for the ATJ of the prior report were confirpned during this program. 
These bands probably represent the range of data that can be Obtained for 
the "same" refractory matefials of this-type. 

The conductivity data were surprisingly eonaiStent withinfamilies 
of materials, and the scatter was essentially, dependent bh the homogeneity 
of the material. There was evidence that the develbpdiept :.Gtf mae.rocrack 
systems introduced errors in the data that could he idetectedcinly by 
duplicate and triplicate runs. The chemical and atrdctOraThistories cjf 
the material must be recorded in the descriptloh to proyide a notejans of 
analyzing the results and applying them to desigii Or material study appli¬ 
cations. . 

GFE THERMAL CONDUCtIVITy 
Apparatus and Procedure 

The GFE tliermal conductivity furnace was extensively modified 
to provide a flexible furnace capable of operation to. over SOQO^F. 

The entire internal structure of the original furnace was removed 
and rebuilt with components similar to those in the other 5000®F furnaces 
and described in the prior section of this report. As a result of the 
internal changes made, several external modifications became necessary. 

These changes were primarily plumbing and the replacement of the original 
furnace top. The revised top permitted better accessibility to the work area 
without removing the top. The modified furnace was run at atmospheric 


29 





■ ^ 


pressure with a heliuiii environment. The interior of the,furnace was 
patterned after Furnaces Number 1 and 2 shown in Figure 1, and a 
photograph of the furnace and associated equipment are shown in 
Figure 110. 

In addition to the furnace itself, the thermal conductivity apparatus 
consisted of (1) the specimen, (2) an axial flow water calorimeter, which 
passed through the center of the specimen, (3) proper guarding for the 
specimen, and (4) optical or thermocouple temperature measuring within 
the specimen. 

The specimen configuration was 3" long, 2^" outside diameter, 
inside diameter, with six holes for temperature measurements. A sketch 
of the GFE specimen is shown in Figure 111. A photograph of two specimens 
with different hole orientations is shown in Figure 112, The specimen on the 
left had the holes on the same radial lines; this orientation was later revised 
to that shown on the right. To minimize axial heat flow and maintain a 
constant radial temperature gradient within the specimen, graphite guard 
cylinders filled with thermatomic carbon were placed oh the top and bottom 
of the specimen. The top cylinder had small graphite sight tubes located 
to be in alignment with the temperature holes in the specimen. 

The original counterflow calorimeter that came with the GFE 
equipment was replaced with the axial flow calorimeter developed by SRL 
The counterflow calorimeter was composed of a stainless steel tube surround- 
3 glass tube with a coil spring placed in the annulus and a roughened surface 
on the inner’ tube to produce turbulent flow. The water temperature differential 
was measured by thermocouples placed axially one inch apart in the annulus. 
Water entered in the inner tube and exited from the annulus. 

The axial flow calorimeter developed by SRI has been described in 
a prior section of this report. 

Unlike the SRI conductivity apparatus, the GFE specimen assembly 
was performed within the furnace prior to a run. The axial calorimeter 
and lower graphite guard cylinder were left in the furnace after a run and 
only the specimen and upper guard cylinder removed. New specimens 
were set in place ^nd the annulus between the calorimeter and specimen was 
packed with the appropriate packing material. For the runs made, graphite 
particles were used as the packing material. The upper, packed cylinder 
was placed on the specimen and the sight holes aligned. The top water- 
cooled section, normally used with the SRI apparatus to extend the temper¬ 
ature sight holes, was not necessary with the GFE equipment. 
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During thermal conductivity runs, the following data were recorded: 

(1) power input, (2) specimen face temperature when above 2000*F, 

(3) specimen temperature at the six thermocouple ahd optical sight holes, 

(4) water temperature in the calorimeter at two points apart, and 

(5) water flow rate through the calorimeter. Several readings, usually 
four, at different water flow rates were made at each temperature level. 
Temperatures within the specimen at the six points were taken alternately 
between the hot and cold ones. The number of readings taken at the temper¬ 
ature levels was established by the data scatter, and selected to minimize 

the influence of random error and permit the observation of internal consistency 
in the data. 

Monitoring equipment used.for temperatures and flow rates was 
identical to those used with the SRI conductivity apparatus and described 
in another section of this report. 

The thermal conductivity for the materials was computed^ as with 
SRI conductivity apparatus from the equation: 

K . --Q- - 

AAT/L 

where Q was the heat to the calorimeter within the specimen gage section; 

A was the log mean area between the Ig-" and radius circles through which 
the Q flowed; AT was specimen temperature change between the average of 
the three temperatures at the 1J-" radius and the three iehtperatures at the 
radius; and L was the radial distance (|^") over Which the specimen AT was 
measured. 

Q, in the above equation, was determined from the measured water 
flow and temperature increase of the water; A was calculated directly as 
0. 00841 ft^; L is 0. 625". A sample calculation follows: 

HjO Flow =15.7 gph 

H^OAT = 0. 64*F 

Specimen AT *= 730“F 

Specimen Mean ® 2406*F 


Substitution in the equation; 


Q = McAT 


15. 7 gal X 8. 33 lb X 1 Btu x 0, 64"F 
hr gal Ib-F 


Q = 83.6 Btu/hr 
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Solving the heat transfer equation for K: 

1 ^ - Q „ 83. 6 Btu X 0. 625 in. 

' AAT/L ' hr x 0. 00841 x 730"F * 

K = 8. 5 Btu/hr/ft®/"F/m. 

For temperature measurements with the optical pyrometer, the 
specimen mean temperature was determined from a relationship between 
the outer face temperature, the specimen AT, and the log mean area of 
the specimen. This relationship established the mean temperature as the 
true face temperature minus 0.595 times the specimen AT. 

Data and Results ’ 

The thermal conductivity data were obtained in the GFE equipment 
to establish operability of the apparatus, to obtain confirming data on 
some of the materials, to observe the temperature distortion (or lack 
of it) by measuring each radial temperature gradient at three positions, 
and to observe the influence of the size of the specimen on the property. 

The equipment was checked out at 5400°F with a graphite specimen 
and then data obtained on ATJ graphite, magnesia, zirconia, ceria, 
molybdenum-0. 5 titanium and columbium-0. 5 zirconium. For all materials 
except the magnesia, the data compared well with that obtained in the SRI 
equipment, see Tables 62 through 66 and Figures 114 through 119 for the 
data. 

The conductivity of the ATJ graphite was about 15% higher than 
that obtained in the smaller one inch specimen in the SRI equipment. 

Recall that this SRI data was considerably higher than that obtained 
on another f-" SRI specimen and another 1" SRI specimen. Apparently, 
there was no size effect, and the difference of 15% could be expected from 
the different specimens of the same material. Unfortunately, this result 
was not anticipated, and specimens of different sizes were not cut from 
the same block; however, density profiles indicated that even a single 
block may have quite different densities (perhaps 25% difference). 

For the zirconia and ceria, the agreement of the data with that 
of the SRI equipment was excellent. This might be expected since these 
commercial materials are fairly repetitive in structure, and the cross 
bonding between crystallites is so poor that other minor differences 
would have little]influence. 
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For the magnesia, the lower values for the GFE equipment cannot 
be explained. The soundness of the structures seemed quite different 
visually and to scraping, but this difference did not show in the photomicrographs. 
The structure between the crystallites in both specimens was so discontinuous 
that differences were difficult to detect. 

For the alloys of columbium and molybdenum, the conductivities of 
the large specimens were in good agreement with the smaller ones of the 
SRI equipment. Since both materials had gross dispersions and neither 
macrocracked severely, the size of the specimen should have had little 
influence. 

The GFE equipment performed well and provided confirming data 
for several of the materials. There was no consistent indication of size 
effect of the specimen on the data; however, the larger specithens 
fractured more often and were almost invariably broken during the cooling 
cycle. For all of the runs, the variation in temperature gradient between 
the "clean” holes around a common diameter of the specimen was perhaps 
15%. Often a hole v/ould become "dirty" and a clear optical view was not 
present. In these cases, the data were not consistent with the data from 
the other holes. As with the SRI apparatus, the holes had to be stepped to i, . 

provide concentric ledges that permitted an optical line of sight and gave 
visual indication that the hole was clean. 

Generally, the GFE equipment was more difficult to assemble for 
a run and the specimen was more prone to break; however, the data were 
considered reliable. 


General 


TOTAL NORMAL EMITTANCE TO 5000**^ 


Emittance was measured by comparing the energy received by a 
radiometer from the sample to that received from a black body cavity 
maintained at the same temperature. 

The equipment may be divided into three main parts: the induction 
heating furnace, the radiometer, and the temperature measurement 
equipment. Figure 120 shows a picture of the complete equipment. 
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A cross section of the apparatus is shown in Figure 121. The specimen 
(1) was supported iti the center of the flat concentrator induction coil (2) by a 
zirconia cylinder filled with fine zirconia grog and tungsten wires (3). The 
zirconia cylinder rested on a crucible filled with coarse zirconia grog (4). 

The radiometer (5) viewed the specimen from directly above through a 
water-cooled tube (6), A water-cooled optical valve (7) was used to blank 
off the specimen from the radiometer. Optical-temperature readings were 
taken through the main port (8), which was pushed in to view the specimen 
through a mirror (9) from directly above. When radiometer readings were 
taken, the main port was pulled out and away from the line of sight of the 
radiometer. , Auxiliary port (10) was used to view the specimen directly as 
a check for the main port. Both viewing ports contained sapphire windows. 

The portion of the furnace above the specimen (11) was water-cooled to 
eliminate any possibility of energy being reflected back onto the specimen 
surface. The emittance furnace was built of steel and sealed with "O" rings 
so that a vacuum can be obtained. 

The radiometer, see Figure 122, was constructed according to Snyder^ 
and Gier® with some modifications. The receiver element consisted of 
approximately 160 turns of No. 40 AWG bare-constantan'wire (104 turns per 
inch) wound around a plastic insulator strip about 2" long by Ig" wide by 
thick. Silver was electroplated in several stages onto the constantan coil so 
that two wide lines of silver-constantan junctions, apart, were formed 
on the same side of the coil and across all of the wire turns. The remainder 
of the entire coil was silver plated. Each of the two lines of junctions was 
covered with a thin, narrow strip of black paper. One of these junction lines 
was designated as the active or "hot" junction and was placed to receive energy 
from the sample. The other was shielded and termed the passive or "cold" 
junction. 

In order to shield the element from extraneous radiation, a cylindrical 
housing was placed immediately around the thermopile. The front of the 
housing contained amectangular opening by 1^" to allow the element to "see" 
the specimen. The actual limiting of the receiver field was accomplished by 
this rectangular slit and the round stop (12) just above the specimen. 

Additional stops in the water-cooled tube were installed as as added insurance 

Ik 

# 

^ Snyder, N. W. , Gieri J. T. , and Dunkle, R. V. , "Tota-l Normal Emissivity 
Measurements on Aircraft Materials Between lOO^and 1000®F, " Trans, of 
the A. S. M. E. , Vpl. 77, 1955, p. 1011 

^ Gier, J. T. , and’Boelter, L. M. K., "The Silver-Constantan Plated Thermopile, " 
Temperature - Its Measurement and Control in Science and Industry, American 
Institute of Physics, 1941, p. 1284. 
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to further minimize spurious reflections. The radiometer viewed the 
specimen directly. This eliminated the possibility of dirty lenses 
affecting the reading and^ alsOj eliminated the spectral selectivity of the 
different types of materials used as windows. 

The voltage generated by the receiver was measured with a Type 
K-3 Leeds and Northrup potentiometer in conjunction with an L and N 
Type 2430 DC galvanometer of 0. 43 microvolts per millimeter deflection 
sensitivity. Temperatures were measured with a Leeds and Northrup 
portable potentiometer. 

The receiver element was calibrated against a carbon-filament 
lamp of known radiation® and demonstrated a sensitivity of 8. 66 
Btu/hr/sq ft/millivolt. 

The radiometer was checked, also, against an Eppley thermopile 
with 12 bismuth-silver junctions and a 1-mm quartz window and agreed 
within 10% scatter of data points. By factory calibration, the sensitivity 
of the Eppley thermopile was 0.048 microvolts/microwatt/sq cm. 

The optical pyrometers used were L and N catalog type 8622 
calibrated in accordance with the International Critical Table of 1948 for 
an emittance of unity. 

Calibration Procedure . 

To calibrate the radiometer for black body radiation, a black body 
cavity with a 6 to 1 aspect ratio made from graphite was used. The black 
body cavity was insulated by zirconia grog and lamp black placed in the 
annulus between the black body and the load coil, see Figure 123. 

The accurate determinations of the specimen and black body 
temperatures are essential to good data. For the cavity-type black body, 
the temperatures were determined relatively easily by (1) thermocouples 
placed in the bottom of the cavity; (2) thermocouples dropped into the 
cavity; and (3) optical pyrometer observations. Up to 3000®F, agreement 
to within 15®F has been obtained regularly between these three readings. 
Above 3000®F, the agreement between tungsten-rhenium couples and the 
optical pyrometer was generally within 50®F or the repeatability of this 


3 Lamp No. C584, calibrated by the National Bureau of Standards and 
reported in NBC Report 132737 A, July 1, 1952. 










tjpe of thermocouple. Actually, the optical readings had no error other ^ 

than those of the instrument calibration and the human error, which 
appeared to provide a readout scatter of about 10“F at 400G"F. 

Radiometer output versus temperature for black body radiation was 
plotted in Figure 124. Notice that the output was essentially linear from 
2000“F to 5000‘’F with a slight curvature below 2000"F. As in house 
standards, the emittance of 304 stainless steel, tarnished tungsten, and 
graphite were rheasured, see Figure 125. The emittance of the stainless 
steel ranged from 0.15 at TOO^F to 0.67 at 2000"F. These values were in 
close agreement with the literature values. The sanded CS graphite, also, 
checked out closely with the literature with values from 0. 95 to 0. 98. 

The calibration curve was used in all emittance calculations and 
was checked periodically to assure its continued accuracy. Small graphite 
black body cavities of aspect ratio 3 to 1 and 1 to 1 were situated in place 
of the specimen in the emittance furnace to check the calibration curve. ' 

The outputs of the small cavities approximated those of the large one within 
the accuracy of one per cent or close enough for periodic checks. 

Operating Procedure 

The specimen was placed directly on the surface provided by the 
zirconia tube, grog, and tungsten wires. However, if the material of 
interest could nbt be heated inductively, tungsten and tantalum heating 
discs were placed under the specimen with the specimen in contact with 
the tungsten disc. 

The furnace was evacuated to 15 mm of Hg and filled with high-purity, 
dry argon. This operation was carried out at least twice to assure an inert 
atmosphere. Throughout the run a slight pressure was maintained in the 
furnace by an argon purge, which was brought in through the radiopieter 
enclosure and exhausted from the furnace housing, see Figure 121. bi 
addition to maintaining an inert atmosphere, the purge flow tended to 
keep fumes away from the radiometer. 

The temperature of the specimen was raised and maintained at the 
desired point by transferring energy to the specimen through the induction 
coil. About three hours were required to complete a single run with the 
temperature increasing stepwise but in uniform intervals. At each 
temperature level, a radiometer reading was taken.in conjunction with 
the temperature readings. 
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To obtain the radiometer reading, the following procedure was 
fc’'Owed: As the specimen was heated, the blank-off valve was shut so 
thc-v the thermopile could see no impulse. When the specimen temperature 
reached steady state, a zero reading was obtained for the thermopile output. 
This reading was usually in the order of ± 0. 002 millivolts. The blank-off 
valve was then opened, and the thermopile output increased several fold in 
a few seconds. The reading leveled off as heat was transferred down the 
wires to the cold junction. The radiometer output was taken at the peak 
reading immediately after steady state. The net reading for that temperature 
was obtained as the difference between the zero and steady-state reading. 

If the blank-off valve were left open, the thermopile output would 
decrease slowly with time. After about 10 minutes, this reading might 
decrease by 50%; however, if the blank-off valve were shut and a new zero 
reading obtained, the difference between this new output and zero reading 
would be about the same as the original readings. The variation might be 
about 5% to 10%. The shift in readings was .a result of the heating of the 
cold junctions. To further minimize this influence, a helium purge was 
introduced immediately below the upper stop. Later, this purge was 
moved to the thermopile housing. This purge also eliminated any 
convection heating of the thermopile junctions by the hpt gases, "chimneying” 
up from the specimen zone. It was necessary to watch the specimen at each 
temperature to insure that no smoking existed since only slight smoking 
affected the radiometer reading by as much as 75%. 

The purge to the radiometer housing had no influence on the readings 
within the ranges at which the purge was operated. To determine this limit, 
the purge rate was increased to about 10 times the normal metered reading, 
and a small shift in readings of less than 1% was noted. 

The temperature of the specimen was monitored by (1) thermocouples 
mounted directly on the target surface (usually held in place by a small 
zirconia pad), and (2) optical pyrometer readings on the target surface. 

Low temperature readings were made with thermocouples;. however, in 
the intermediate temperature range from 1600°F to 2700®F a cross check 
was made between the thermocouple readings and the optical readings. 
Unfortunately, a surface temperature measurement with thermocouples 
leaves m.uch to be desired and discrepancies of at least 50°F often occurred 
between the thermocouple and optical readings. The high-temperature 
measurements were made with an optical pyrometer. A main-port optical 
and an auxiliary-port optical-temperature reading were taken at each 
temperature level. The auxiliary-port temperature was normally used 
only as a check; how'ever, if conditions warranted, such as a dirty 
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main-port window oif mirror, the auxiliary-port value .was used. Usually 
very good agreement was maintained between the main-port and auxiliary- 
port optical readings. 

Emittance Calculation 

The optical temperature readings were corrected to obtain true 
temperatures. T^e main-port reading was corrected for the sapphire 
window and mirror,. while the auxiliary-port reading was corrected 
for the sapphire window and the angle at which the port views the specimen. 
The above corrections are shown as curves in Figure 126. 

After assuming an arbitrary-initial emittance value, the brightness 
temperature was corrected for this assumed emittance, see Figure 127. 
The black body output was then read at this "true" temperature from 
Figure 124. The ratio of the observed specimen radiometer output to 
the black body output was calculated and was the emittance of the material 
at that temperature. If the assumed emittance was correct, the calculated 
value agreed with it;, if not, the calculated value was used as the former 
assumed value and the process repeated until the assumed emittance value 
agreed with the calculated value. This iterative process converged on 
the correct emittance value, assuming gray body distribution of most 
of the energy at the;particular temperature. The above process was 
programmed for analysis by a digital computer. 

Error Analysis 

The above procedure for determining emittance was strictly 
correct only for those materials which radiated as gray bodies, since 
the total emittance was assumed to be equal to the spectral emittance 
at the wavelength of the pyrometer. This approximation was used 
above to convert the brightness temperature to true ternperature. 

The error,in emittance values for non-gray materials varied 
depending on the difference between the 0. 665 micron spectral and 
the total emittance, and the distribution of radiant energy within the 
particular spectrum. If the deviation from gray body became very 
great at temperatures up to 2500®F, it was indicated by the thermocouple 
measurements. On materials of low emittance, such as tungsten, the 
emittance values calculated by this procedure could be in error by as 
much as 20% at the highest temperatures. However, it is believed that 
for most materials, the accuracy is within 10%. Several things indicated 
that the accuracyof the emittance values was good. First, the radiometer 
output versus temperature curves were orderly and almost linear with 
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only normal data scatter. Second, the data obtained on two samples of 
the same material were in close agreement. Third, the values of 
emittances for the check samples agreed very well with the literature, 
see Figures 125 and 128. 

A statisticaranalysis of the data accuracy is of interest. Generally, 
the probable error in each black-body reading was about 4%, and the 
probable error in each specimen reading was about 0%. If the data points 
were used to calculate emittance, the maximum probable error was 
about 12%. The curve-fitting approach undoubtedly reduced this maximum 
to about 5%. As a general conclusion, the accuracy of the measuring 
system was well within the range of variation as experienced by 
different surface finishes on the same material, the changing chemistry 
of the surface at the high temperatures, surface temperature measurements, 
and other variables. 

Data and Results 

The data and graphs for the total normal emittance are included 
in Tables 67 through 92 and Figures 129 through 155, respectively. The 
condition of the specimen is noted at the different temperature levels, i 

whether there was fuming, whisker growing, or some other phenomena. 

Also, duplicate runs on different specimens and repeat runs on the same 
specimen are presented. When the material remained stable, the dupli¬ 
cation was within 0. 05 emittance; whereas, when the material changed 
appreciably, the data miight shift considerably. 

Recall that there was no graphite, silica, or other materials 
present in the apparatus that could contaminate the specimen—at 
temperatures up to at least 4500°F. Above 4500®F, there may have 
been some reaction between some of the specimens and the zirconia, 
tungsten, or tantalum that were used to support the specimen. Since 
there were no contaminants, the photomicrographs shown in the report 
must be considered as indicative only of phase changes, structure changes, 
cracking and other temperature phenomena but not of carbon, silicon, or 
any other such contamination. Also, the chemical analysis shown for 
post exposure does not apply for carbon pickup but probably does for 
element loss at the same temperature. The density measurements 
should apply since densification is primarily a temperature-time 
relation. 

The emittances of the borides increased with temperature at 
the lower temperature levels (as for metals) and then decreased with 
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temperature to near 5000”F. At 4000°F, the values ranged from a low of 
about 0. 35 for tungsten boride to a high of 0. 75 for hafnium diboride. For 
the titanium diboride and tungsten boride, there were sharp increases in 
emittance initiating at about 4800“F with decreasing values as the temper¬ 
ature was increased a few hundred degrees further. Black crystals or- 
surface changes seemed to appear on these surfaces and then disappear. 

This phenomena,, which is described later, was better recorded for the 
tungsten element; and may be the same as observed for the boride in that 
vapors from the specimen were condensing near the surface and then being 
reabsorbed in the specimen upon recontact. 

For the carbides, the emittances generally increased with temper¬ 
ature at the lower level and then decreased as the temperature approached 
4500°F. Above 4500“F, the behavior depended on the specific material. 
Duplicate runs were obtained on several materials with good agreement 
between runs in most cases. Several of the materials blistered, smoked 
and developed a surface with an uneven appearance. During the heating 
cycles, various surface phenomena were noted oh some of the materials. 

At temperatures between 2400°F and 3500®F, small dark spots appeared 
on the tantalum carbide. At times, the spots moved about similar to the 
action of drops of a boiling liquid on a hot, flat surface. At 3500“F, the 
dark spots disappeared. A rerun of the originaT specimen was made to 
determine the effect of the dark spots on the measured emittance. Below 
2500"F, the emittance of the rerun material was lower than for the original 
run. However, the emittance was about the same in the temperature range 
where the spots were present. During the run on titanium carbide, dark 
spots somewhat similar to those above were noted at 3300“F. In this 
case the spots were stationary and appeared to be small blisters on the 
surface of the specimen. Dimolybdenum carbide and vanadium carbide 
both appeared to swell up in the center (or form a single large blister 
covering the entire surface). A second specimen of dimolybdenura 
carbide was run,; but this specimen appeared to blister as before. This 
second run was halted before the melting point was reached in order to 
examine the specimen. It was very porous with a large.blister about 
high on the surface. Small dark spots appeared on zirconium carbide at 
4300“F. 

For the nitrides, the emittances generally decreased with increasing 
temperatures (similar, to ceramics) to values near 0. 5’at 4000“F. Thiere 
was little smoking, fuming or development of spottiness on the surface; 
however, a few of the specimens cracked. All of the materials were 
melted except the boron nitride, which vaporized. Duplicate runs on 
the hafnium nitride and titanium nitride provided fair agreement. 
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The emittances for the oxides were strictly dependent on the 
material and could not be categorized. The beryllia and magnesia 
smoked seriously at about 3500®F with the emittance increasing from a 
value of about 0. 5, The hafnia had a constant value of about 0. 8 from 
1500"F to 4000®F. The emittances of the ceria, thoria, and z-irconia all 
increased very sharply with increasing temperature at about 1700®F for 
the ceria and 3000”F for the thoria and zirconia. Note the high values for 
ceria and low values for thoria, which make these materials good additivies 
for blending a desired emittance. The zirconia deserves speciaFattention. 
In helium, the emittance of zirconia increased sharply at about 3000*F 
from about 0. 4 to 0. 9 and remained high to over 4000®F. In air, the 
emittance of zirconia remained fairly low and increased only slightly 
to about 0. 5 at 3500“F. During the run in air, the air was deleted and 
the emittance immediately increased to O. 8 at about 2600“F. Upon 
reintroducing the air, the value decreased again to less than 0.4. This 
same immediate response of emittance value to the presence or absence 
of air was noted at about 3500“F. On several runs, the specimen was 
quenched from 3500“F in the helium and air environments, respectively. 
When quenched in helium, the surface was gray. When quenched in air, 
the surface was the characteristic yellow. Since the zirconia contained 
many impurities (in ppm), the chemical analyses of the surface could 
not be defined precisely and did not reveal the cause of the color change; 
however, probably either a suboxide was forming or some material 
contaminant (such as iron) was diffusing to the surface and remaining 
there to vaporize off slowly in helium or immediately burn off in air. 

For the tungsten, columbium-0. 5 zirconium, and molybdenum 
-0. 5 titanium, the emittances were lower than for most of the other 
refractories and decreased as the temperature increased from 2000“F 
toward 5000“F. The columbium and molybdenum alloys behaved orderly 
with values of about 0. 25 at 4500“F. At this temperature, the value for 
molybdenum may have started to increase. During initial heating of the 
tungsten, black soot-like particles appeared on the surface of the specimen. 
In Run No. 1, a large pile of particles formed at the surface while in Run 
No. 2 only a small number appeared. These particles were collected on 
one run. In both cases, the particles disappeared at temperatures of 
about 3000“F. After disappearance of the particles, the temperature was 
reduced to obtain emittance values at 2500“F. The emittance values 
obtained while the particles were on the surface were high as indicated, 
but the curve was not extended through these points since the values 
obviously were not representative of tungsten. From 2500®F to 4800®F, 
the emittance of tungsten was about 0. 23. At the higher temperatures, 
the temperature began to decrease even though the induction power input 
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to the specimen was increased. At the same time, higher values of 
emittance were'^obtained. Further power increases resulted in higher 
temperature and decreased values of emittance. A maximum temper¬ 
ature of SIOO'F at an emittance of 0.43 was reached. After the runs, 
large dendritic whisker formations were noted on the surfaces of the ” 

materials. Figure 155 includes only that data for tungsten that is 
considered to be representative of the base material and not confounded 
by either the dark spots at the lower temperature or the whiskers at the 
higher temperature. This curve should be used for design purposes. 

For all of the refractory materials, the surfaces for the 
reported data remained clean after the temperature exposure. In many 
cases, there was a grayish or satin finish as often foiind after high : 
temperature exposures. The tungsten was shiny, as is characteristic. 

For some of the runs, difficulties were encountered in maintaining the 
clean surfaces and reruns were necessary. A clean surface for commercial 
refractory materials requires some definition. A careful inspection of the 
photomicrographs revealed that the materials were hot homogeneous and 
contained manyi;different phases, dispersion and voids. Obviously, the 
compounds and’alloys were not completely formed; rather, some phases 
were rich in one element and other phases rich in another. Further, the 
chemical analyses revealed that most of the materials contained contaminants, 
which could melt and migrate to the surface. Since emittance is essentially 
a surface phenomenon, the influence of voids, phase smearing during 
machining and the migration of only a small amount of contaminant could 
influence the data quite drastically. Some of these influences were described 
for the tungsten, for example. In view of these difficulties, a clean surface 
was determined as one that was not contaminated by external sources and 
that was dependent on the condition of the commercial materials and the 
temperature-time history of the run. 

Great care was exercised to eliminate contamination by machining, 
handling and operating environmental conditions. The mechanical finishes 
were obtained with diamond cutoff wheels at high speeds and low feeds 
producing a finish of about 20 microinches. For this general finish and 
at temperatures above 2000®F, a considerable variation in surface finish 
had little influence on emittance. 
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No evidence of transmittance was found for atiy of the materials. 
Several possible indications were monitored. In the thermal conductivity 
phase, the conductivity was not.noted to increase drastically (by Stefan 
Boltzman) at the higher temperatures. Under the microscope, no particle 
transparency was noted with angle lighting, although beryllia did seem to 
introduce some-diffusion. Further, the temperature drop through the 







emittance specimens waS; observed both by,optical pyrometefr by noting 
the melting of the heating disc, and the temperature differences from the 
bottom to the top surfaces were about as expected f hr the "known thermal 
conductivity and the radiance from the upper surface, Specifically, however, 
there can be no assurance that the transmittance was absolutely negligible. 

The emittanCes' of most of the materials behaved about as expected 
up to about 2200®F wUh the values for the ceramic types decreasing with 
temperature and the values for the metal types incraaslng with temperature. 
Exceptions were the dirnolybdenum carbide, hafnium carbide, titanium 
nitride, ceria and hafnia. Above 2500“F, the. claas'ie reiations'dld not 
sustain, generally, and the emittances tended to vary either up or down and 
then converge on a value between 0. 3 and 0. 6.at 5000*F rather than unity. 

It seems doubtful that the dlassic explanations of radiation, which have 
been developed for well ordered lattices,^ should be precise oh materials 
that present a surface that is not well ordered. . At the higher temperatures, 
the structure densificatioh and chemistry Of the surface probably have a 
major role in establishing the emittance. 

; ELECTfllCALRESlSTlVI^’Y 

General 

Electrical resistivity was determined to'5GIIO®P.on unexposed 
specimens in diameter by 3” long that were radiantly heaited in a graphite 
heater tube. The heater power supply was varied using either a rectified 
D. C. or 60 cycle A. C. A sketch Of the specimen can;be seen ih Figure 156. 

Apparatus and Procedure 

During the run,, spring-loaded graphite rods pressed against the 
ends of the specimen and extended beyond the ends of the heater tube to 
permit the external completion of the electrical circuit through the 
specimen, see Figure 157. Direct current, was applied to the specimen 
to provide a voltage potential across the I,!"" gage sectton. ^ 
potential was detected by tungsten probes that contaeted tungsten pins 
pressed into holes radially drilled into the center line Of the specimen. 

Due to some Thomson effect and some A. C. coupling with the heater 
resulting from either A. C. power or A. C. ripple in'the rectified D. C. , 
a small potential was present across the gage length before the D. C. 
voltage was applied to the specimen. This potential was called the open 
circuit gage length potential and was accounted for during,the calculations. 




A sample calculation follows; 

True Closed Circuit Gage Length Potential = Observed Closed 
Circuit Gage Length Potential — Open Circuit Gage Length Potential 

^ MVA - 

Electrical Resistivity = x 1000 Micro ohms-cm 

MV = True Closed Circuit Gage Length PbtentiaTin Millivolts 

I = Current Flow Through Specimen in. Amps' 

A = Cross Sectional Area of Specimen in Square Centimeters 
1 = Gage Length of Specimen in Centimeters 


Substituting; 

-2.008 millivolts = Open Circuit Gage Length Potential 


-1. 052 millivolts 
5. SO amperes 

2. 853 cm* 

3. 810 cm 

True Closed Circuit 


= Observed Closed Circuit Gage Length Potential 
= I 
= A 
= 1 . 

Gage Length Potential = -1. 052 -(-2.008) 


Electrical Resistivity = 


= 0. 956 millivolts 

0. 956 millivolts x 2. 853 cm* ^ 1000 
5. 80 amps x 3. 810 cm 

123. 39 niicro bhms-cm 


Temperatures were measured with thermocouples from room 
temperature to 2000°F and with optical pyrometers from 2000*F up. 
Several data points were calculated at each temperature to establish 
statistical reliability to the data. 








The introduction of errors into the determination of electrical 
resistivity arose from (1) deviations in implementation from the theoretical 
assumptions of the system and (2) errors in the readings themselves. The 
latter possibility was minimized by taking several readings at each temper¬ 
ature setting to establish a statistical reliability to the data. 

Much study was conducted to establish the optimum means of taking 
voltage readings across the gage length of thp specinien. It was concluded 
that the best method was to press-fit tungsten pins in holes drilled into the 
center line of the specimen. This technique provided an average value for 
the voltage across the cross section of the,specimen and cornpensated for 
skin effects. The per cent error involved in this configuration was 
negligible as verified by the observation,that 4he felectrical resistivity was 
found not to depend on specimen size within tte Limcifatiohs imposed by 
furnace design. Figure-158 shows results obtained on CS graphite cut 
from the same stock and varying in diameter: froni'^" to |r". No trend 
was apparent in the data, with scatter aGcpuntlhg-for the Small differences 
encountered. 

The current in the specimen circuit was varied fropa practically 
zero to approximately 60 amperes with no signifisCaiit change in the 
electrical resistivity.. Most of the runs; w«re made/^ith'&-10 amperes in 
the measuring circuit, The instrument used to measurS the current flow 
could be read to the nearest 0. 01 ampere. Thetefbre, the current could 
be read to 0. 2%. 

The probe locations for measuring the po-tential drop across the 
specimen were located on each side of the center line Of the furnace 
hot zone and should have been at the same temperature; however, this 
was not exactly the case. This temperature difference, which varied 
around 20®F, caused a potential due to the thertnoelectrio effect. This 
potential plus the potential induced in the specimen hy .the A. C. power 
or the ripple in the D. C. power to the, heater was determined by taking 
a reading of the potential across the gage length of the specimen before 
the current was applied to the specimen circuit. This potential varied 
from 0. 27o up to approximately 300% of the true potential across the 
gage length, and was taken into account during the calculation of the 
resistivity. 

The voltage measurernents were made with a Leeds and Northrup 
Type K-2 potentiorneter. With this instrunaent it was possible to read 




voltages of . 001 millivolts. An error of about 0. 02% was introduced in 
these readings,’ 

The measurement of the gage length and diameter of the specimen 
was made to within 0. 001 These measurements introduced a possible 
error of approximately 0. 02%, 

Since this equipment was designed to measure the resistivities 
of conductors, it was difficult to measure, with any great degree of 
accuracy, the resistivities of the materials with dielectric characteristics. 
The measured resistivities of these dielectrics varied as much as one 
order of magnitude with that found published in the literature. However, 
for the materials not exceeding a resistivity value of about 1000 micro 
ohms-crn, the accuracy was within 5%. Several things indicated that the 
accuracy of the e.lectrical resistivity values was good. First, the 
resistivity versus temperature curves were orderly. Second, the values 
of the calibration materials agreed very well with the literature, see 
Figures 159, 160, and 161. Third, the data obtained on additional runs 
of the same material were in close agreement. 

A statistical analysis of the data is given in Table 93. The standard 
deviation shown by this analysis was 7. 2 and the probable error 4. 86%, 
Assuming the absolute error of the data was approximately ^ of the probable 
error, an error of about 2.43% would be expected. 

Data and Results 

The data for the electrical resistivity are shown in Tables 94 through 
120 and the graphs in Figures 162 through 181. For many of the materials, 
duplicate data were obtained, usually with excellent agreement. Cooling 
cycle data are included for several of the materials. Some reference data 
from the literature are included on the curves for comparison. 

The electrical resistivities of the borides increased about linearly 
with temperature to 75 to 125 micro ohm-centimeters at 3000“F. The 
cooling data were in fair agreement with the heating data, suggesting no 
serious changes in structure as was also noted in the thermal expansion 
data over these temperature ranges. Apparently the macrocracks had no 
significant effect. Observe for the zirconium diboride that some similar 
materials reported in'the literature have similar values at room temper¬ 
ature but quite divergent values at slightly higher temperatures. 
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The resistivities of the carbides were sitnilar to. those of the borides, 
linearly increasing (except for dimolybdenum carbide) to slightly higher 
values of 100 to 175 micro ohm-centimeters at 3000"F. The hafnium carbide, 
titanium carbide, and tantalum carbide increased linearly on up to about 
4000"F to 4500"F; however, the curves for colurabium carbide and zirconium 
carbide had rather sharp inflections at the higher temperatures. For these 
materials, the photomicrographs revealed that there were considerable 
changes in the nature of the dispersions after the. temperature exposures; 
however, the changes were not the same for the two materials. For the 
columbium carbide, the dispersions agglomerated ahd formed macrocrack 
extensions; this structure change would suggest the increase in resistivity 
that was observed. For the zirconium carbide, the dispersion became finer 
and less aligned; this structure change would suggest an increased resistivity 
for becoming finer but a decreased resistivity for becoming less aligned. 
Actually, the resistivity of the zirconium carbide decreased and then 
increased a little. For the dimplybdenum carbide, the resistivity was quite 
irregular as suggested by the development of the gross cracking and 
continuity of the crack system. The literature data on the titanium carbide 
was not in good agreement but that data was on a 1-mm wire, which 
undoubtedly had a quite different structure. 

For the nitrides, the resistivities at 3000®F were higher for hafnium 
nitride, tantalum nitride, and titanium nitride than for the borides and 
carbides, and the curves for all nitrides that were donduetprs were not 
linear. All of the curves had rather sharp inflections at about 2500“F. 

The temperature levels of these inflections were in rather close agreement 
with the inflections in the thermal expansion curves suggesting that the 
changes in structure, which were primarily changes in phase size and 
the development of macrocracks through the aligried discontinuities', were 
responsible. Resistivity curves are not included for the bOron nitride and 
silicon nitride since these materials were essentially dielectrics at up to 
about 3000"F, and this program did not include measurements on dielectrics. 
The values for the dielectrics that were obtained are shown' in the tables; 
however, these data are not precise at the lower tehiperatures and should 
be used only to determine the temperature iever(arouhd 3000“F) at which 
the materials were becoming conductors. The literature 4ata for 
titanium nitride was quite different but was on a 2-mm wire specimen. 

Since they were dielectrics at up to about 3000"F at least, the 
resistivities for the oxides were not plotted in the graphs. As for the 
nitrides, the data in the tables are useful for establishing the temper¬ 
atures (about 3000"F) at which the oxides became conductors. 
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For the metallic elements and alloys, the resisitivitves at 3000"F were 
lower at about 50 to 100 micro ohm-centimeters, except for the columbium 
alloy, which was high at about 130 micro ohm-centimeters. As discussed 
elsewhere, the resistivities of the graphites decreased with increasing 
temperature and then became essentially constant at about 600 micro 
ohm-centimeters to over 4000'’F at which temperature level the values 
began increasing again. For the metals, the resistivities were essentially 
linear with temperature and had excellent agreement between the heating 
and cooling cycles and for different runs. From the expansion data, there 
was little change in structure over these temperature ranges. Most of 
the changes in structure observed from the photomicrographs probably 
occurred at the higher temperatures. The literature data on the 
tungsten element W'as in excellent agreement. The literature data on 
the main elements of the alloys provides some comparison of the 
influence of alloying. The resistivities of the elements were quite low. 

The Wiedemann-Franz law did not apply for any of the materials 
over a significant portion of the temperature range. Since all of the 
materials, contained many phases and dispersions, and since the crystallites 
were usually imperfectly bonded, the major resistance was probably at the 
electron jump between crystallites. Ubbelohde and Lewis^ suggested this 
property of polycrystalline graphite, which has a somewhat similar structure. 
From the photomicrographs, the most tortuous electrical path was probably 
through the porous and contaminant-containing structure usually bonding the 
crystallites and grains in the materials. 

THERMOELECTRIC VOLTAGE 

General 

Thermoelectric voltage measurements were made to 5000"F on 
specimens in diameter and 1^” in length. This voltage is the combination 
of the Thomson effect of the temperature gradient in a given material and 
the Peltier effect at the interfaces with a reference material, which was 
ATJ graphite in this program. Wherever possible, the thermoelectric 
specimen was cut from the specimen exposed previously to measure 
electrical resistivity. Care was taken to have the ends of the material 
as smooth and square as possible to obtain the best possible electrical 
connection. 

■ ( 

4 Graphite and Its Crystal Compounds, Oxford University Press, 1960. 
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Apparatus and Procedure 

During the run, the lower portion of the specimen was shielded 
partially from the radiant output of the heater by a graphite cylinder. This 
shielding caused the lower junction of the specimen to be at a temperature 
50"F to 200*’F lower than the unshielded end. The magnitude of this 
temperature difference-was found to depend primrarily upon the specimen 
characteristics, primarily thermal conductivity. 

The specimen was suspended between two spring-loaded ATJ 
graphite extension rods, which came into direct contact with the specimen, 
see Figure 182. By measuring the temperature of the specimen at the 
interfaces with the graphite extension, rods, the temperature difference 
between the two junctions was determined. The voltage output was 
measured by an electronic galvanometer connected to water-cooled 
electrodes on the ends of the graphite rods with the plus terminal 
connected to the extension rod from the hot end of. the speeime;n. 

The voltage output (AV) was actually the algebraic surh of the 
Thomson effect plus the output of the hot junction minus the cold junction. 

By dividing the voltage output (AV) by the terpperature between the two 
junctions (AT), a curve was obtained of A VZ-AT versus the mean temperature 
of the specimen. A least-squares curve fit. of these data points was found 
and integrated to give the equation of a curve of vpifage output versus 
temperature. Zero voltage output was; assumed at SOOO^F. 

During a run, the following data were recorded: (1) power input 
to the furnace; (2) temperature of hot and cold junction; and (3) millivolt 
output of the hot and cold junctions. When the voltage output reading was 
taken, the power supply to the furnace was interrupted to eliminate super¬ 
imposed voltages induced by either the A. C. power or A, G. ripple in the 
rectified D. C. power to the furnace heater. 

Temperature measurements vvere made with a Leeds and Northrop 
Type 8622 optical pyrometer. The voltage output was measured using a 
Kintel Electronic Galvanometer, Model 204A. 

Error Analysis 

In the measurement of thermoelectric voltage, there were two 
possible sources for the introduction of errors: (1) deviations from the 
theoretical assumptions of the system; (2) errors in the observed, readings. 
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The latter of the sources was minimized by taking several readings at each 
temperature setting and by the use of a computer to obtain a least-squares 
curve fit for the data. 

■ 

The temperature readings were obtained at the junction of the specimen 
and graphite supports with an optical pyrometer, with which it was possible to 
measure to within ^lO^F of the true temperature at 4000*‘F. This reading 
introduced an error of 0. 5% to 1. 0 %, depending upon the temperature level. 

The specimen and support temperatures undoubtedly were not exactly the 
same at the junction. About from the interface, the support temperature 
was occasionally as much as 75®F lower than that of the specimen. However, 
the interfaces were ground flat and pressed tightly together (about 20 pounds 
force) so it was assumed that the interfaces of the two materials were at the 
same temperature at the points of contact. This assumption was confirmed - 
by the observation that varying the configuration and thermal gradients at the 
ends of the support rods did not influence the data. Due to the large temper- 
ature gradient in the specimen, the movement of the hot wire of the optical 
pyrometer toward the center of the specimen by only about 60 mils produced 
a significant difference in the temperature readings. This error was minimized 
by the multiple readings and the intent of the. operator to position the hot wire 
in approximately the same place each time a reading was taken. There was 
some error introduced by the voltage gradient difference in the two graphite 
extension rods; however, both calculations and experimentally varying the 
gradients showed this error to be immeasurably small. The Thomson 
effect is small for graphite. 

The voltage output of the specimen was measured to the nearest. 05 
millivolts. The accuracy of the instrument, depending upon the magnitude 
of the output, varied from 1.6% to 2. 0%. To prevent any spurious readings 
due to induced voltages in the specimen, the power to the heater was inter¬ 
rupted when a reading was taken. 

Table 121 shows a statistical analysis of the data. The standard 
deviation was found to be 7. 14 and the probable error 4. 82%. Assuming 
that the absolute error of the readings was approximately ^ of the probable 
error, the error would be 2. 41%. The accuracy of the thermoelectric 
voltage output per degree Fahrenheit was estimated to be within 5%. 

Data and Results 

The data for the thermoelectric voltage are presented in Tables 
122 through 149 and plotted in the graphs of Figures 183 through 210. 


50 




Two plots are included for each material. The first (upper) plot is the 
incremental output in millivolts per "F temperature change, across the 
specimen length between the ATJ graphite support rods, versus temperature. 
The second (lower) plot is the total output in millivolts, assuming a 3000®F 
reference, versus temperature. The equations for both curves are included 
on the graphs. 

Recall that the total output curve was obtained by writing a 
mathematical equation for the incremental output curve and then integrating 
to obtain the cumulative output voltage with 300.0°F assumed as the point 
of zero voltage output. This assumption of ^erp total output at 3000®F is 
important in reading and analyzing the data. For example, the output of 
two materials selected at random cannot be obtained by" subtfacting the 
difference in outputs at the same temperature from the total output Gujrves; 
rather, the change in total output of two materials can be observed in 
reference to the graphite over a small temperature incirement about a 
selected temperature on the abscissa. If the change in output voltage of 
two materials is of opposite sign or has a large algebraic difference, then 
these two materials may produce large thermoelectric voltages, and should 
be investigated further. It makes little difference-in application whether 
the voltage changes were causing the absolute-vpltages to converge or 
diverge since a large potential could,bp obtained'at;5pm,e temperature near 
the selected temperature at which the large change. #as'noted. Another 
method is necessary to analyze the data, where there is -rio large change 
in the total output around a selected temperature. For these cases:, the 
absolute total output voltages can be conipared and if they are significantly 
different, the materials wOuld probably be good voltage generators and should 
be investigated. 

This technique of data presentation was selected because the 
task of establishing the relation with each, of the 26 materials as a 
reference would be monumental and was not intended. Further, the 
purpose of this program was to screen the materials against a single 
reference to determine which Ones might be good thermoelectric voltage 
providers. With the first order information in this report, plus the 
electrical resistivity presented elsewhere in this report, the potential of 
a pair of materials as generators of thermoelectric power can be estimated 
by calculating the power coefficient. 

The voltage outputs of the borides increased rather uniformly 
with temperature at above 2500°F. Generally the output changes were 
small at about 0 to 15 millivolts per 1000°F. On a rerun of the tungsten 
boride, the total output voltage shifted completely and decreased with 
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increasing temperature converging to the incremental output of the first 
^ exposure at about 3500"F. This same phenomena of a reversed output 

was found for the tungsten element. 

For the carbides, the characters of the total output voltage curves 
were quite different and demonstrated no material family uniformity. 

Except for zirconium carbide, titanium carbide, and tungsten carbide, 
the values were about 10 to 20 millivolts per lp00®F and fairly linearly 
increasing with temperature. A rerun of the vanadium carbide provided 
less output in the temperature range of 2000‘'F to 3000®F. The output 
of the zirconium carbide was about 20 millivolts per 1000“F, only 
decreasing with increasing temperature. This material, with one of the 
others, might make a good voltage provider. The outputs of the tungsten 
carbide and titanium carbide had larger values of about 30 to 50 millivolts 
per lOOC'F at up to about 3000®F. Above 3000®F, the outputs changed 
little on up to above 4000*F. With the large incrennental outputs and 
the negative slopes, thefse materials might be good voltage providers, 
particularly at the lower temperatures. With fair linearity and the 
negative values, the columbium carbide may also be a worthwhile candidate 
’ conjunction with one of the other materials. 

‘ The voltage outputs of the nitrides decreased with increasing 

temperature and then increased slightly at above about SOOO'F to the 
maximum temperature. Up to 3000®F, the outputs of the titanium nitride 
and ha,fnium nitride were comparable with the carbides at about 20 
millivolts per lOOC^F; however, the output for the boron nitride was 
higher at about'300 millivolts per 1000“F. Unfortunately, this material 
also has a high electrical resistivity and so would have a high internal 
■ power loss as a thermoelectric power provider. 

The voltage outputs for the oxides were exceptionally high over 
at least parts of the temperature range with ranges of from 80 millivolts 
per lOOO'F for the beryllia from 2000°F to 3000®F to 12, 000 millivolts 
per IDOO^F for the hafnia from 2000®F to 3000*F. The other oxides ranged 
, from 250 to 1500 millivolts per 1000®F over temperature increments below 

d the level of 3000®F. Above 3000®F, none of the oxides had such large 

output changes. This is unfortunate since some of the materials became 
fair electrical conductors at the higher temperatures. Perhaps some of 
the oxides, such bl' hafnia, still offer a potential as thermoelectric power 
generators, particularly if their lattice structures can be improved. ; 

Above 2000“F, the outpu^ for all of the oxides, except hafnia and thoria, | 

decreased with increasing temperature. The values for the two exceptions 
increased with temperature. Undoubtedly, the hafnia and thpria would be 
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large voltage (not power) providers with any of the other materials over the 
temperature interval from 2000®F to 3000®F. The data for the zirconia 
were erratic at up to 2800*F and should not be used. Probably, the lattice 
shift was not stable until the higher temperature was obtained, Zirconia 
shifts from monoclinic to hexagonal and cubic at the higher temperatures 
and reverts upon cooling unless thoroughly stabilized. It is doubtful if 
this material were thoroughly stabilized as^ witnessed from the ,large 
inflection in the curve fpr thermal expansion versus temperature. 

The outputs for the two tungstens, columbium-O. 5 zirconium and 
molybdenum-0.5 titanium were about the same at 20 millivolts per 1000*F 
at temperatures up to about 3000"F for the alloys and 4000"F for the tungstens. 
The outputs decreased with increasing, temperatuhe .for all of these metals 
except one tungsten for which it increased. Both tungstens were rerun to 
confirm the opposite slopes. No explanation for this behavior was found in 
the photomicrographs, the chemical analysis, or a study of Uie other 
properties. Since the tungsten crystal is body centered cubic, there 
should be no large difference from crystal orientation. The only difference 
was in the method of formation of the materials, which might have introduced 
undetectable structure (not crystal) differences such as minute microcracka 
filled with a tungsten oxide or some other material that introduced a series 
of small voltage cells and provided an output voltage dependent on this 
phenomena rather than the metallic composition and normal lattice. 

The data for the ATJ graphite and platinumr^l2, 2 rhodium are 
included to provide reference information. The small output for the 
ATJ was an accumulation of material differences, surface effects at the 
interface with the ATJ support rods, and Thomson effect down the support 
rods. For precise calculations, these effects would have to.be corrected 
for in all of the data; however, for screening purposes, the effect was 
considered negligible. The data on the. platinum provides a reference 
to a material that is well reported in the literature and should provide 
a reference for other investigators. 

CONCLUSIONS 

The specific conclusions were included in the discussion of data 
and results for each particular property. Generally, apparatuses have 
been developed, calibrated, and demonstrated for the determination of 
several of the thermophysical properties of materials. The temperature 
range for these studies has been extended to 5000"F with good engineering 


53 




precision. Finer precisions of, say, \^o, as are often needed in some 
laboratory studies, -have not been obtained. 

i ' ' ■ ■ ^ . ■ 

While it is true that refractory materials for 5000®F service 
are relatively new and need -much developmental effort,' a single 
material from a single supplier does not have the wide variations in 
a property that the literature seems to suggest. For example, the liter¬ 
ature may report data varying by several hundred per cent for the same 
chemical compound and density. This large deviation was not found in 
this program (with one or two rare exceptions) when investigating different 
specimens from the same lot or even when comparing the same material 
from different sources — when the photomicrographs revealed'the same 
general structures. This observation suggests that photomicrographs, 
and chemical and density analysis, should accompany all thermophysical 
property data of this type. 

There also is some doubt to the accepted procedure of correcting 
properties to a theoretical density and expecting the results to agree. 
Probably, this technique is adequate only when the voids that are 
causing a reduced density are distributed in a preferred fashion. More 
likely, the lower density is indicative of an unsound structure between 
the crystallites, , inadequate diffusion, contaminants that may isolate the 
crystallites, and other phenomena that will influence the property far 
more than the mere presence of voids. 

The thermal and environmental history of refractory materials is 
extremely important in obtaining data of this type. This history should be 
controlled and recorded even through the actual measurements. This 
procedure was established during the program but, unfortunately, not 
recorded for all measurements. At the high temperatures, only trace 
contaminants in the environment can have gross effects on some of the 
properties. Most of the materials contained contaminants of small 
quantity that boiled out during heating and otherwise confounded the 
control of environment. 

During the program, several high temperature "standards” 
were established. Considerable work is necessary to obtain standards 
and some general agreement among investigators oh this phase. 
Regardless of philosophy, the consumer of the data miist judge results 
that are different’and assign the difference to either the technique or 
the material. Standards will help in this judgment. 






During the program, numerous contacts were received from other 
reliable investigators who were investigating some of the properties of 
these refractory materials at the lower temperature vicinity. The 
agreement in data was usually good over the range of common temper¬ 
atures. In practically every case in which differences existed, they 
were traced to some physical cause induced by material differences, 
exposure conditions, or some other condition that could be altered to 
obtain agreement. Of course, this agreement could be no better than the 
accumulative error of the two systems. 

Now that the state of the art has been extended to 5000".F, the 
temperature capability should be extended to GSOO'F. Aerospace 
applications are now requiring these higher temperatures. Also, 
better environmental simulation is necessary to assure that the material 
is subjected to the same condition as will be met in application. The 
thermophysical properties are not basic entities at these higher temper¬ 
atures but are transient with the material and a function of many variables 
which must be controlled and known. 








Figure 2. Schematic Cross Section of 5000“F Furnaces No. 3, No. 4, and No. 8 
Employing Helical Graphite Heaters for Atmospheric Pressure 
Operation. 
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Figure 4. Furnace Number 1 with Expaneion Apparatus Installed. 










Installed, 





yiawfl SMji 



61 


Figure 6. Furnace Number 4 with Heat Capacity Apparatus Installed. 
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Figure 8. Electrical Property Furnace with Electrical Resistivity Apparatus Installed. 





Figure 9. Electrical Property Furnace with Thermoelectric Voltage Apparatus' Installed. 
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Figure 10. Temperature Calibration Curves for Optical Pyrometer, 




















Figure 11. Picture of Tantalum, Tungsten Wire, Tungsten Sheet, and 
Part of Arc-Cast Tungsten Specimen After Exposure to 
506 o*F {Specimens in Listed Order from 3 to 4 on the Scale). 
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(Top) Figure 12. P^iotomicrographs bf Hafnium Diboride. 

(Bottom) Figure 13. Photomicrographs of Thorium Tetraboride. 
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(Top) Figure 16. Photomicrographs of Zirconium Diboride. 

(Bottom) Figure 17. Photomicrographs of Columbium Carbide. 
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(Top) Figure 18. Photomicrographs of Dimolybdenum Carbide. 

(Bottom) Figure 19. Photomicrographs of Hafnium Carbide. 
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Figure 20, Photomicrographs of Tantalum Carbide. 
Figure 21. Photomicrographs of Titanium Carbide. 
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(Top) Figure 22. Photomicrographs of Tungsten Carbide. 

(Bottom) Figure 22 . Photomicrographs of Vanadium .Carbide. 
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Figure 24. Photomicrographs of Zirconium Carbide. 


(Bottom) Figure 25. Photomicrographs of Boron Nitride. 
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(Top) Figure 26. Photomicrographs of Hafnium Nitride. 

(Bottom) Figure 27. Photomicrographs of Silicon Nitride. 
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Figure 28. Photomicrographs of Tantalum Nitride. 


(Bottom) Figure 29. Photomicrographs of Titanium Nitride. 
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Figure 32. Photomicrographs of Cerium Dioxide. 


(Bottom) Figure 33. Photomicrographs of Hafnium Dioxide. 
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(Bottom) Figure 37. Photomicrographs of Columbium+0. 5% Zirconium. 
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Figure 38. Photomicrographs of Molybdenum + 0. 5% Titanium. 
Figure 39. Photomicrographs of Tungsten (Carborundum). 
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Figure 42. Photomicrographs of Zirconium Silicate. 
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Figure 44. Thermal Expansion of Hafnium Diboride. 
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Expansion, dL per L, in 10"® in. /in. 
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Figure 55, Thermal Expansion of Cerium Dioxide 
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Figure 56. Thermal Expansion of Hafnium Dioxide 
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Figure 58, Thermal Expansion of Thorium Dioxide. 
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Figure 59. Thermal Expansion of Zirconium Dioxide 
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Figure 61. Thermal Expansion of Molybdenum + 0 . 5 % Titanium 
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Figure 62. Ice Calorimeter, drop type - Specimen to 5000"F 










Figure 63. Picture ,of Ice Calorimeter Jacket and Drop Valve. 
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Figure 64. Picture of Ice Mantle. 
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Figure 65. Specimen Holder and Drop Rig for Insertion into Top of 
Furnaces. 
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Heat Capacity of ATJ Graphite from WADD TR 60-924. 


Figure 67. Heat Capacity of ATJ Graphite and Tungsten from 
WADD TK 60-924 by New Equations with Some 
Reference Values. 
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Figure 71. Enthalpy and Heal Capacity of Tungsten Boride. 
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Figure 74. Enthalpy and Heat Capacity of Tungsten Carbide. 
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Figure 75. Enthalpy and Heat Capacity of Vanadium Carbide 
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Enthalpy - Btu/lb (32° F Reference) Heat Capacity - Btu/lb/ 




Figure 77. Enthalpy and Heat Capacity of Tantalum Nitride 
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Figure 78. Enthalpy and Heat Capacity of Beryllium Oxide 
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Figure 79. Enthalpy and Heat Capacity of Cerium Dioxide. 
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Figure 80. Enthalpy and Heat Capacity of Hafnium Dioxide. 
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Figure 81. Enthalpy and Heat Capacity of Magnesium Oxide. 
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Figure 83. Enthalpy and Heat Capacity of Zirconium Dioxide. 
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Figure 84. Enthalpy and Heat Capacity of Columbiutn + 0.5% Zirconium. 
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Figure 85. Enthalpy and Heat Capacity of Molybdenum + 0. 5% Titanium. 
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Figure 86. Cross-section Schematic of the Thermal Conductivity 
Apparatus. 
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Figure 89, Thermal Conductivity of Thorium Tetraboride. 
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Thermal Conductivity, Btu/hr^ft®/®F/in. 
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Figure 90. Thermal Conductivity of Titanium Diboride 
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Figure 91. Thermal Conductivity of Tungsten Boride. 
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Thermal Conductivity, Btu/hr/ft®/”F/in. Thermal Conductivity, Btu/hr/ft^/T/in. 
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Figure 93. Thermal Conductivity of Dimol^denum Carbide 


























Thermal Conductivity, Btu/hr/ft®/*F/in. 



Figure 94. Thermal Conductivity of Hafnium Carbide. 
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Figure 95. Thermal Conductivity of Titanium Carbide. 
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Thermal Conductivity, Btu/hr/ft*/'’F/in. 
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Figure 96. Thermal Conductivity of Tungsten Carbide 
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Figure 98. Thermal Conductivity of Boron Nitride. 
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Figure 99. Thermal Conductivity of Tantalum Nitride 
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Figure 100. Thermal Conductivity of Beryllium Oxide. 
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Figure 101. Thermal Conductivity of Cerium Dioxide. 
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Figure 102. Thermal Conductivity of Hafnium Dioxide 
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Figure 103. Thermal Conductivity of Magnesium Oxide 
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Thermal Conductivity, Btu/hr/ft®/‘’F/in. 
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Figure 105. Thermal Conductivity of Zirconium Dioxide 
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Thermal Conductivity. Btu/hr/ftV'’F/in. Thermal Conductivity, Btu/hr/ft’/'F/in. 



Figure 106. Thermal Conductivity of Columbium + 0. 5% Zirconium 



Figure 107. Thermal Conductivity of Molybdenum + 0.5% Titanium 
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Thermal Conductivity, Btu/hr/ft*/'F/in. 



38 

























Figure 110. Picture of GFE Furnace with Thermal Conductivity Apparatus Installed. 
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Figure 112. GFE Thermal Conductivity Specimens Showing Different Hole Configurations. 
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Figure 113. Exposed GFE Thermal Conductivity Specimen. 
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Figure 114. Thermal Conductivity of Cerium Dioxide with 
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Figure 115, Thermal Conductivity of Magnesium Oxide with 
GFE Apparatus 
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Figure 121, Cross Section of Emittance Apparatus with Flat Coil Furnace. 
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Figure 122. Schematic of 160-Junction Thermopile in Emissivity 
Equipment. 
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^Radiometer Output - Millivolts 
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Figure 125. Calculation Standards for Total-Normal Emittance 
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Figure 126. Correction for Mirror and Sapphire Window in Emiltance 
Apparatus. 
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Figure 128. iCalibration Standards for Total Normal Emittance. 
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Figure 134. Total Normal Ernittance of Culumbium Carbide 
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Figure 136, Total Normal Emittance of Hafnium Carbide. 
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Figure'139. Total Normal Emtltance of Tungsten Carbide. 
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Figure 146. Total Normal Emittance of Beryllium Oxide, 
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Figure 147. Total Normal Emittance of Cerium Dioxide 



Figure 148. Total Normal Emittance of Hafnium Dioxide 
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Figure 151. Total Normal Emittance of Zirconium Dioxide 
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Figure 154. Total Normal Emittance of Tungsten (Carborundum) 
(Complete Data ^eluding park Spots and Whiskers). 
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Figure 155, Total Normal Emittance of Tungsten (Reliable Data 
Unconfounded by Dark Spots or Whiskers). 
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Figure 156. Standard Electrical Resistivity Specimen. 
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Figure 158. Electrical Resistivity of Graphite Illustrating the Effect of Speclmeini 
Size upon Resistivity. ] 
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Figure 159. Electrical Resistivity of NickeL 
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Figurei60. Electrical Resistivity of Armco Iron. 
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Figure 161. Electrical Resistivity of Tungsten. 
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Figure 163, Electrical Resistivity of Thorium Tetraboride. 


175 


























Resistivity, Micro ohms - cm Resistivity, Micro ohms 






Figure 164. Electrical Resistivity of Titanium Diborlde. 
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Figure 165. Electrical Resistivity of Tungsten Boride. 
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Figure 166. Electrical Resistivity of Zirconium Diboride 
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Figure 167. Electrical Resistivity of Columbium Carbide 
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Figure 168. Electrical Resistivity of Dimolybdenum Carbide 
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Figure 169. Electrical Resistivity Hafnium Carbide 
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Figure 171. Electrical Resistivity of Titanium Carbide 
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Figure 172. Electrical Resistivity of Tungsten Carbide 



Figure 173. Electrical Resistivity of Vanadium Carbide 
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Figure 175. Electrical Resistivity of Hafnium Nitride 
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Figure 176. Electrical Resistivity of Tantalum Nitride 
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Figure 177.. Electrical Resistivity of Titanium Nitride 
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Figure 181. Electrical Resistivity of Tungsten (Supplied by General Electric) 
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Figure 182. Apparatus for Measurement of Thermoelectric Voltage. 
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Figure 184. Thermoelectric Voltage for Thorium Telraboride 
{ATJ Graphite Reference, Density = 1. 73 g/cc) 
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Voltage Output per Degree Tempei^ture 
Voltage Output - MV Differential - MV/'F 




































Voltage Output per Degree Temperature 
Voltage Output - MV Differential - MV/'F 




Figure 187, Thermoelectric Voltage for Zirconium Diboride 
, (ATJ Graphite Reference, Density = 1,73 g/cc) 













































Voltage Output per Degree Temperature 

Voltage Output - MV Differential - MV/®F 




Figure 188. Thermoelectric Voltage for Columbium Carbide 
(ATJ Graphite Reference, Density = 1.73 g/cc) 
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Voltage Output per Degree Temperature 
Voltage Output - MV Differential - MV/*F 
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Figure 190. Ther’.noelectric Voltage for Hafnium Carbide 

(ATJ Graphite Reference, Density = 1.73 g/cc) 
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Figure 191. Thermoelectric Voltage for Tantalum Carbide 
(ATJ Graphite Reference, Density = 1.73 g/cc) 
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Figure 192. Thermoelectric Voltage for Titanium Carbide 
(ATJ Graphite Reference. Density = 1. 73 g/cc) 
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Voltage Output per Degree Temperature 
Voltage Output - MV Differential - MV/*F 
























Voltage Output per Degree Temperatpre 
Voltage Output - MV Differential - ]VIv/®F 
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Figure 194. Thermoelectric Voltage for Vanadium Carbide 
(ATJ Graphite Reference; Density 1.73 g/cc) 
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Figure 195. Thermoelectric Voltage for Zirconium Carbide 
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Voltage Output per Degree Temperature Differential 
Voltage Output - MV MV/®F 
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Figure 197. Thermoelectric Voltage for Hafnium Nitride 

(ATJ Graphite Reference, Density = 1.73 g/cc) 
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Voltage Output per Degree Temperature 
Voltage Output - MV Differential - MV/“F 




(ATJ Graphite Reference, Density = 1.73 g/cc) 
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Voltage Output - MV Voltage Output per Degree Temperature 

Differential - MV/”F 
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voltage Output per Degree Temperature 
Voltage Output - MV Differential - MV/“F 
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Figure 200. Thermoelectric Voltage for Cerium Dioxide 

(ATJ Graphite Reference, Density = 1. 73 glee) 
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Figure 201. Thermoelectric Voltage for Hafnium Dioxide 

(ATJ Graphite Reference, Density = 1. 73 g/cc) 
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202. Thermoelectric Voltage for Magnesium Oxide 
(ATJ Graphite Reference, Density = 1.73 g/cc) 
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Figure 203. Thermoelectric Voltage for Thorium Dioxide 

, (ATJ Graphite Reference, Density = 1.73 g/cc) 
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Figure 204. Thermoelectric Voltage for Zirconium Dioxide 
(ATJ Graphite Reference, Density = 1.73 g/cc) 
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Figure 206. Thermoelectric Voltage for Molybdenum +0.5% Titanium 
(ATJ Graphite Reference, Density = 1.73 g/cc) 
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Figure 207. Thermoelectric Voltage for Tungsten (Carborundum) 
(ATJ Graphite Reference, Density = l,73,g/cc) 
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Figure 208. Thermoelectric Voltage for Tungsten (Supplied by 

General Electric) (ATJ Graphite Reference, Density 
1.73 g/cc) 























































Voltage Output per Degi;ee Temperatijire 

Voltage Output - MV Differential - MV/®F v ‘ 
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Figure;209. Thermoelectric Voltage for ATJ Graphite 

{ATJ Graphite Reference, Density = 1.73 g/cc) 
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Voltage Output - MV Voltage Output per Degree Temperature 

Differential - MV/®F 










































Properties of the Materials Evaluated in the 
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LD represents Line DlsctmtinuiKee. 

RO represents Random DUcontbiuitlee. 
C represents Cracks. 

V represents Voids. 








RD represents random discontinuities, 



_ . . 9 . ■ % 


T»t)le 4 


i 1 

I I 

sample 


Chemicnl Analynia rf Specimens Before and After Enpoeure 

Before Exposure 


After Exposure 

Assay 

Calculated, 
Found, % % 

Elements Found by 
Sernl'Quantif alive 
Emission Spectrogr.fphy, 

% 

Found. % 

Carbon, 

% ■ 

i 

Hafnium Dlborlde 

Hf 

B9.S 

B9.2 

Mg 

0.1 

Hf 

89.4 

0. 77 

j 


B 

10.0 

10.6 

Tl 

0.1 

B' 

10.3 


i 


C 

0.01 


Pe 

3.5 









Zr 

1,5 





Titanium Diborlde 

Tl 

69. 3 

6S. 9 

V 

0.3 

Tl 

69. 3 

0.32 



B 

29.5 

3t. 1 

Ft 

0.4 

B 

28. T 


j 


C 

0.2 




N| 

0.3 





0.6 







i 

Tungsten Boride 

W 

95. 9 

94.5 

Si 

0.2 

W 

94.6 

0.09 

' 


B 

4.7 

5. S 

V 

0.2 

B 

5.2 







Zr 

0.1 









Ft 

0.3 




i 





Cb 

0.3 




1 

Zirconium Diborlde 

Zr 

78. b 

80. B 

Ca 

0.1 

Zr 

78. 6 

0.57 



B 

18.6 

18. 2 

Cr 

0.3 

B 

17.3 


: 


C 

0.58 


Fe 

0.8 

N 

<0.1 




N 

0.1 


Other 

0.1 




■ 

Columblum Carbide 

Cb 

88.6 

66.4 

Fe 

0.1 

Cb 

86.1 

.. 



C 

10.8 

11.4 

Other 

0.1 

C 

10.7 




N 

0.2 




N 

0.3 



Dlmolybdenum Carbide 

Mo 

62.1 

94.1 

Si 

2.0 

Mo 

92.4 


1 V. 


C 

5.51 

5.9 

A1 

0.3 

C 

5.39 




N 

<0.1 


Fe 

0.8 

N 

<0.1 







Tl 

0.3 





Hafnium Carbide 

Hf 

93. B 

93.7 

Al 

0.2 

Hf 

93.9 




C 

5.85 

6.3 

Tl 

0.3 

C 

5. 73 




N 

1.0 




N . 

0.9 



Tantalum Carbide 

Ta 

93.8 

93. B 

Fe 

0.1 

Ta 

93.8 

_ 



' C 

6.77 

6.2 

SI 

0.1 

C 

6.52 


i 


N 

<0.1 




N 

<0.1 


1 

■ 

Titanium Carbide 

Ti 

79.8 

60.0 

Zr 

0.5 

Tl 

79.2 

_ 



C 

19.2 

20.0 

Fe 

0.0 

C 

19.0 




N 

0.6 




N 

0.0 



Tungsten Carbide 

W 

63.9 

93.9 

SL 

0.3 

W 

94.1 

_ 



c 

6.15 

6.1 

Fe 

0.4 

c 

5.95 




N 

<0.1 




H 

<0. 1 



Vanadium Carbide 

V 

81.0 

SO.B 

Fe 

0. 7 

V 

SO. a 

- 



C 

IB. 0 

19.1 



C 

18.4 




N 

0.5 




N 

0.3 



Zirconium Carbide 

Zr 

EB. 5 

8S. 4 

Total 

0.1 

Zr 

89.3 

— 

- - ■ r- 


C 

11.0 

11.6 



C 

10.8 




N 

0.5 




N 

0.5 


■ ’-'"V 

Boron Kttrlde 

B 

42.9 

43.6 

SI 

0.1 

B 

41.5 

0.13 



N 

52.4 

56. 4 

Tl 

0.2 

N 

55.0 







Ca 

0. 2 





Hafnium Nitride 

Hf 

93.0 

92.7 

Mg 

0.2 

Hf 

93.4 

0.07 



N 

7.5 

7.3 

Ca 

0.3 

N 

7.5 







Zr 

3.4 





Silicon Nitride 

SI 


60.08 

Mn 

0.1 



0.49 



N 


39.91 

Mg 

ai 









Al 

0.3 









Ca 

0.8 









Zr 

0.1 









Cr 

0.1 









Pe 

0.7 









Tl 

Tr»c* 




— 

Tantalum Nitride 

Ta 

95.7 

92.8 

SI 

0.3 

Ta 

95.5 

a99 



N 

3.5 

7.2 

Mg 

0.1 

N 

3.1 




C 

0.12 


Fe 

0.3 





Titanium Nitride 

Tl 

81.3 

77.4 

Fe 

0.4 

Tl 

77.6 

1.02 



N 

17.0 

22.6 



N 

18. • 




C 

0.87 








Zirconium Nitride 

Zr 

86.9 

86. 89 

Fe 

0.1 

Zr 

86.3 

1.19 



Nj 

12.8 

13. 31 




10.6 
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Table 4 

Chemical Analysis of Specimens Before and After Exposure 
(Contlniic<tf 


Iietore.Expcsure _ After Exposure 


Sample 


Found, ! 

Assay 

Calculated, 

r> % 

Elements Foeitd by" 
Semi-Quantitative 
Emission Spectrography, 

%■ 

Found, % 

Carbon, 

Cerium Dioxide 

Cc 

82.2 

81.1 

.Ca 

di 

Ce 

81 . S 

0.10 


O 

■ 


Zr 

as 




Hafnium Dioxide 

HI 

62.0 

84.8 

Mg 

0.3 

Hf 

84.0 

0.31 


O 

— 


Tl 

a* 








Ca,. 

0:1 








Fe 

2.5 




Magnesium Oxide 

Mg 

89.4 

60 . 3 

Si 

6l3 

Mg 

60.1 

< 0.05 


O 

. * 


A1 

0.1 








-C^ 

as 








F« 

o : 8 




zirconium Dioxide 

Zr 

70.7 

74 . 0 . 

Si 

ai 

Zr 

71.2 

0.15 


O 

— 


Mg 

0.1 








. Ca 

to 








Tl 









A1 

0.1 




Colurrbluin +0, Zr 

Cb 

99.2 

99.5 

Less than'O. I total 

Cb 

99.5 

0.41 


Zr 

0.8 

0.6 



Zr 

— 


Molybdenum +0. 5% Ti 

Mo 

98.6 

99.5 

Nl 

as 

Mo 

98.3 

0.20 


Tl 

0.7 

0 . 5 

Fe 

a 3 

tl 

— 






SI ■ . . , 

at 








Al 

as 




Tungsten (Carborundum 








Company) 

w 

100.1 

100.0 

SI 

0.2 

W 

100.0 

0.15 





V 

as 








Cu 

at 








Cb 

as 




Tungsten (General 









Electric) 

W 

100.0 

100.0 

SI 

0.2 

w 

too . 1 

0 . 49 





V 

0.2 








Gb 

OlS 




ATJ Graphite 

C 

99. S 

100.0 

SI 

0.2 

c 

99.5 

— 





Ee 

0.1 








Ca 

Trace 








Mg 

Trace 




Zirconium Silicate 

Zr 


49 . 75 

Al 

0.2 



0.13 


Si 


15.33 

Tl 

0.1 








Fc 

0.1 








Mg 

Trace 








Ht 

Trace 
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Hafnium Diborlde 
Thorium Tetraborlde 
Tilnnlum Diborlde 
Tiingfllpn Boride 
Zirconium Diborlde 
Columbium Carbide 
Dimolyhdenum Carbide 
Hafnium Carbide 
Tantalum Carbide 
Titanium Carbide 
Tuiigdten Carbide 
Vanadium Carbide 
Zirconium Carbide 
Boron Nitride 
Hafnium Nitride 
Silicon Nitride 
Tantalum Nitride 
Titanium Nitride 
. Zirconium Nitride 
Beryllium Oxide 
Cerium Dioxide 
Hafnium Dioxide 
Magnesium Oxide 
.Thorium Dioxide 
Zirconium Dioxide 
Columbium -K). 5% Zr 
Molybdenum +0. 5% Tl 
Tungsten (Carborundum) 
Tungsten (General Electric) 
ATJ Graphite 
Zirconium Silicate 




Table S. Densities of Specimens Before and After Exposure 
Densities in g/cm’ at 25*C 

Before Exposure , _.AHcr Exposure 


Literature 

Values 

(From Varioua 
Sources) 

Appareni 

t Density 

True 

Density (By 
Immersion 

In Xylene) 

Apparent Density 

True Density 
(By Imniersion 
In Xylene) 

ASTM 

Method 

B 31 I -5 a 

Wax- 

coated 

Specimen 

ASTM 

Method 

Wax- 

coated 

Specimen 

10. s 

10. 7 

10. 7 

10.8 

10. 1 

10.2 

10.3 

7.5 

7.78 

7. 82 

8.17 

- 

' 

- 

4. 5 d <4. 5 Z 

4. 52 

4. 51 

4.57 

4. n 

4.16 

4. 23 

15.3 

15.2 

15.0 

15.3 

14.7 

14. 7 

14.8 

5.7 

5. 62 

5. 75 

5. 69 

‘ 5.44 

5. 46 

5.60 

7. 58; 7. 82 

7. 66 

7. 74 

7. 75 

7. 51 

7.51 

7. 53 

8. 4; 8. 9 

8.66 

8. 92 

B. 86 

8. 50 

8. SO 

8.69 

12.2 

11.2 

11.5 

12.0 

11.2 

11.1 

11.8 

14.0:14.5 

14.0 

14.1 

14.1 

13.9 

13.8 

13.9 

4. 25; 4. 90 

4. 73 

4. 75 

4. 77 

4. 68 

4. 69 

4.82 

15. 0;15. 5 

15. 0 

15.1 

15.1 

13.1 

13.2 

14.7 

5. 36 

5. 42 

5. 45 

5.47 

5.0 

5.0 

5.1 

6. 70; 6. 90 

6.27 

6. 28 

6.33 

6. 24 

6. 27 

6.28 

2.25:2.34 

2.14 

2. IS 

2.16 

1. 96 

1.99 

2.17 

- 

12.7 

12.7 

12.8 

12.4 

12.4 

12.4 

- 

2.5 

2. 4 

2.8 

2.8 

2.5 

2. 9 

14.1 

13.4 

13.3 

13.7 

13. 4 

13.0 

14. 6 

4. 57-5. 21; 5, 48 

4.78 

4.89 

4.90 

4. 59 

4.59 

5.14 

- 

7.2 

7.2 

7.2 

6.8 

6. 7 

7.0 

3.02 

2. 93 

2. 66 

3.00 

- 

- 

- 

7.13 

G . 60 

6.73 

6.87 

6. 57 

6.56 

6.76 

9.68 

9.00 

9.14 

9.55 

8. 83 

9.02 

9. 64 

3. 58 

3.30 

3.30 

3. 51 

3. 50 

3.35 

3.60 

9. 67 

9.10 

8.90 

9. 69 

■ - 

- 

- 

5.56; 5.8 

5. 36 

5. 49 

5.63 

5. 35 

5.44 

5.72 

- 

7.88 

7.66 

8. 09 

a . 32 

8.24 

8.47 

- 


9. 49 

9.39 

a. 64 

8.68 

9.05 

19.3 

18,9 

18.4 

19.1 

18.8 

18.7 

18.8 

19.3 

18.9 

18.8 

19.1 

18.7 

18.7 

18.7 

- 

1.8 

1.8 

1.9 

1.7 

1.8 

2.1 


4.3 

3.0 

4.4 

3.3 

3.1 

3.4 
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Thermal Expansion of Titanium Diboride 


i 1 


L. 


ii I 


: i 


w 

o’ 

iz; 

c 

3 

03 


X! 

n 


■a vS c ^ 
a> o i 

^ s = I 

O -3 0 .S 

U o w „ 

Q. I 

OT O 


o k o 

>2 e 

rt C ■“ r- ^ 

^ o o B ui 

c G .2 o 

° O O: ^ ^ 

« 2 2 i -s 

•S o p r 

p U o 


X! 
U 

c; P 
:o -- 
m 

cd o 

c "o 

O .S 

« w;<0 

O o 


c 

p 

73 

(U 

;» 

P-i 

<U 


cd 

o G w 

H.2 ^ 

n-l 33 O 
^ cd , 

CL) 

5 o ? 
m 3 ° 

6 


a> 

3 

- 4 -^ 

Cd 

k 

a ® 

B 

<u 

H 


o m Tj’ CO CO ea oi M th ih oo c 4 m lA 

<3 i-J cd CO 00 cG) CO irt i> 00 q> o T-J 

»-l tH iH »—I •rUt' ^ M •C'l 


i 00 

<6 

fH 

I 


O CO O CO CO 00 lA C4 OO 00 O CO CO < o 
cd (p rH ^ T-l tH csi ed- CO ■CJC lA lA tA O 


O CM ’OC O O OH Tjc o CO E- O CM CM 0> i OO 
o ,-H cd lA id d od cd th cm ■oh mh id ia <d 


C .^3 

« CU 

6 ■*?' 

OC-CO'MHCOlAOC-t-0©OOCM'^O.t3 aJ'idH 

.. • ■ . . . CJ M . 

OCMC-i-Ci-H-cfHcjscMtACSOTHCM^JHCO CB^i^ 
t-Hi-Ct-Hi-hcCMCMCMcOCOCOCO D. cm 

cn I 


-t- 

OC'T-HiHOiAOOOOOiAOOO o 

C-c3>t-C7JCOCMC-lACO>^tT,-iOOOO t- 

OHi-ciAlAOiAO-MHOOO i-H CO lA lA 

r-ti-lT-lCMCMCOCOCO'HtHTlH.MH'^ifH-MH 


223 



Initial Length = 2, 271" 
Final Length = Melted 








Final Length = Melted 
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Initial Length = 2. 230 
Final Length = Melted 










Thermal Expansion of Titanium Carbide 



a> hJ o 

^ tfi 

O S ^ ^ 
t S CO 
0 -5 I .5 

CJ CW W n 

P. I 

w o 


om'>^«irtosc-ot-«Oi-i»H«rjOir-«oot-o 
o m od c csj CO CD 00 pi os CO ci cd os i-i ci 

t-H r-( i-< >-l r-( OJ'CO CVI PvT^PJ PI CS|-Cfl’CO OO’ 



™ C *-■ r- ^ 

Cud o S “ 

c •- p .2 0) 

O o n 

p—* O O O fj 




c O p 
p U 


.■ Si 

c c 5 

O ^ 
TS — “ 

Ml 

8”" 
O o 



OPJOST#iOOCOCOlrtT-lC'OSlDi-«OSC~lDi-l 

OTHT-HPJcococoTtimcopai-iNeoeo'^uoco 


OeoirsT-HOsc-PJi-ii-iO'O^'^o’cot-eopJOs 

oo^cdodosopjoic-edoosoi-jpi'o^cdid 

,-Hi-iT-HT-(copai-<P5PJPJPiPipa 


c 

0) Ta 

G <u 

Oe0P-C00SOlDPllO0S'^000<»-lO00'0<00--* ^ 
.U D 

ooirsoseocoosrjpf-iososcoospjifscocopj oS 
•-H,-iT-ipgpgpaeo'4’c-'^'0<'^ir5irtiiotDco D.'^ 


ooommouoooooooomoooo 

C'lrsLfsosooP-t-cDP-ooc-eoC'Osop-uo 

O^OTtiOSOO^OSOPt-C-i-llfSOO^OSlOP-OO 

T-ic\ipqpjcoeoeoT}<-o<P3PCiPicococO'p<<'0<'f 


Initial Length = 2. 420" 
Final Length = Melted 





















Table 12. 



4620 
































■I ■■ 


-) 




'a- 


o 

XI 

cd 

U 




s 


H 

0) 

•4^ 

Cd 



3 

73 


•4^ 

•pJ 

G 

o 

Q 



cd 

c 

CO 

p 

U 


l', 

, 

(d 

> 

W 





<n 





V—. 


0 

o' 





<u 

c 

S 



< p^ 

c 

1 . 

X 

(d 

Eh 

o 

•r-< 

W 

c 

c 

3 

Pi 



P 

•o 



cd 




> 



a 




u 

\ 


X 




<u 

r 


w 




CO 

L_ 





XI 



cd 




O 


.2 o 
z: •« 

cd c 
bo O 
C 

O ■“ 
^ u 



X 

4-» 

•pJ 

P O 

o 

c 

•pj 

• p^ 

03 

s 

bo 

0) 

x; 

S c 

o 

—' o 

G 

CJ P 

•prf 

0) H 

« 

a 

1 

OT 

O 


tH 


X 


u 

Vi 

c 


0'^c^cooj«Dc-i>o»o>ooooirtiooosc-m'd<mo i i-« 

o'l-H'^irsirit-ooTHcoMT-HiHododeotoc'j'^T-iTjJ'^ ^ 

^tHi-hCs1C'JCOCOC-05050t-IiHi-I 00 


n 

I 

o 


X! 

u 

c -S 

O '~- 
•r; CO 

bJO f- 

c y 


H o 





0) 

1-^ 


X! 

Cd 


H 

4^ 

o 

C 

O o 

•p-i »G 


'V 

■s 

cd j- 


<v 

bo -t: 


?> 




o 7 


<u 

CO 

/■k 



u 

3 

•4-i 

cd 

s 

lU 

H 


OcoOco’^OtntAcoooiALnoooc'OoomGoaiOa ■ O 
c>(3T-Ji-!i-IcqesicoeocO'^rj<iftif5i«if5'^ir>irt«i5if> d 


OT-<c^JeomcocNiCMi-H.-<eocomijOOt-oso<o«OT-t 

Oi-Hco^'^jJirScdcxioot^c-eoeocdrHt-oiirtcood 

iHiHiHr-tOCOCOO)COa>000 


CO 


c 

(U ’O 

a <v 

03 

CJ 0) . 

Oc<)c-ooco'^OieocoOOcocooo-<d<'^Ocoeocsi a)Sco 

T-Hi-t»-<c'jevieMcsicjcs!CO i-t 


0if5->d<0’<d<0'>d<CMC£>cX>CQC^i-l,-lC»0C-C'000 


O 

o 

03 


o 

o 

O 


o 

uo 

o 

o 

o 

o 

uo 

o 

o 

■A 

■A 

lA 

lO 

lA 

I^- 

05 

m 

CO 

o 

T—C 

ei 

eg 

00 


CD 


1-H 

eg 


tM 

ir5 

CO 

CM 

c- 

t- 

t- 




m 


eg 

m 

eg 



CO 

CO 

rH 



CO 

o 


CO 

CO 

CD 

co 



rM 



eg 


CO 

CO 

CO 

CO 

CO 





■dc 

•d< 


•<d< 

'd' -d^ 


o 

t- 




223 


Initial Length = 2,331" 

Final Length = 2. 510 (Melted) 









Thermal Expansion of Boron Nitride 
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Initial Length = 2. 243 
Final Length = 2. 229 









Thermal Expansion of Beryllium Oxide 
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Thermal Expansion of Hafnium Dioxide 


x: 

T3 £ C .S 
4) P O '— 
M 

CJ- C <*-»“ - 

^ S 

0.0 ^ -5 

U (D pq o 
a I 
CO o 


Oi/scoi-(t-i«-H(iot-4oc-'>;j<^w<?>^coc^e-comcairt 

O t-h CO CO CO C-" OD v-J oi ■<*' Tjl CO M ci esi eo O <£> o’ o» o’ oo 

rH I rH i-l C'J 

I I I I 


nJ C -2 c 

bD o ' <u S w 

C p .2 o 

o - K 'z: x; 

O O Q Q 

ro <i> ^ i 


.tj ^ 
c o Q 


. j3 

C c .S 

Do-:: 
15 o 

S S) 
t c 2 

4)0.5 
p W 7 
O o 



O'tf'C'-OOOl0«-«f-00 00>OC-C>JC0t-00 00 00C-»Tj1O 
o O O tI t-H CNJ C'j Co" CO CO CO -C^ Irt lO lO lO lO ITS CO CO pa 


0i-)00tjni-icooa>ocbi-ioco0'04i-ii0'0*pa0i-i 

o' tH CSJ ■0<’ lO O 00 o O r-J cm" cm" Cm" Cm" IX>" Cm" CM* CO Co" o’ 

•.. CM CM CM CM 

I I I I I 


O'^C-^O-^OCMCMO'5j<iOOPM-M<'M<CC3OO0»00e0 
OCMOOOi-t'C}<05"eo"«M i-<CM"ir>lOCOLOrHcdOi-«eM'oO 

I I I I li-ICMOtAlOO 
I I I I I I 


OfHCOCMOOOOOOOOOOUDirtOOirtOOO 
C~CM00ir3LO[>C-O00-cfOOO'i<CMCMi-lT-(CMOcD'0< 
OOSOOOOrHlOOCO'M^'M^OlOCMeOlOOOO'M^ t-<0- 
i-tTHCMCMcoeoeocoeO'0<'0''M<'0''tf‘'Ml*ct'eoeocM 





























Table 18 (Continued). 
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Initial Length = 2. 953 
Final Length = 2. 887 










Thermal Expansion of Thorium Dioxide 
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Final Length = 2. 850 
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Initial Length = 3 . 020 " 
Final Length = 2 . 942 " 
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Initial Length = 1. 935 
Final Length = 1.775 
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Thermal Expansion of Columbium +0. 5% Zirconium 
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Initial Length = 2. 982" 
Final Length = Melted 













Initial Length = 2. 980" 
Final Length = Melted 














Equations Expressing the Heat Capacity and Enthalpy as Functions of Temperature 
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Enthalpy and Heat Capacity Data for Titanium Carbide 


S' S 

OJ O O XI 

<u ni 55 

It! q. 

ns w = 

^ ^ 2 « 


COOOOlOTjtifS-^C'lCO 

oioocg'^irtcot-t- 

.-((M(Megc'jegcqc^C'i 



4> - C 

^ ■“ ni 

3 - Q. S 

2 U O 

^ S M ^ fa 

O ’Ll 0- ^ o 

G o ns >. 2 

S ^ u ^ 


ooooooooo 


mouooiooiAOi^) 

i-SrHCgC^COCO'^^ 


CL U M ^ 
pj Q Sh C3 
x: ^ ^ « 


I 2 « 

dj 


■^ooiomomooooooooo 

c-cD'^»-Heoo«o’Lricd,-Icdodoodt>irt 
CX)(Mt0C<300OOC'l<X)C0'>^ i-Hi-lC'JOlC' 
cMcvic'jeo'r'i^^<;oi>coooo>0000 



irtommoioiTsooinirtOOifsiftifs 

«OOOcO'^<M'^'i--«i'a5<MOSOO>X>00 

OOOOOOOOOOSOOiOOOOOS 

rf -sl^ ■'t* Tf r}< eo ■'^■i CO '4^ eo eo 

<MCMcsicge'jevjc'qc'5es>cgc'jcQCMCdCNiC'j 


—I -e 03 

.2 -go S 

S - 

^ o 


irtOomLfiifjoifioooifsmmo 
eoo50cocoo<r'^'<j'a3'^ evi cjs m o 
opsoooooooosooosoo 

eg CM CM CM CM CM CM CM CM CM CM CM CM CM 


CJ r_ 

G a; fa 
Q a ^ 

. ■. S 

03 

.H 


eoocoirjinmoooooooiftift 

OCMoOCOOiCOOCOCOmOOi-HCMlO 

cDcMooeocnoirtOifsosoOcoiOtO 

i-H,-(THi-tCMCMCOeOCOM''^''f'M''M' 


t'OM<»-il^5CDCJSCOC-i-«C001eO«OlO 
CMOJOSCOCOOSeOM^-cfOlfSOiOlOO 
I I I I I I I I I <-H > ■ T-« I T-t 

U U O O U O U O U J, o O ■ o 

K : ai 33 


HC-62 4750 24.005 



















Table 31. 


























_ <1^ . ^ 



:j 

i 

\ 

] 

i 

t 

i 


I 

i 

3 

i 

i 

j 


I 




CO 


V 


cd 


Eh 








o 

'O 

I 

42 

Sh 

a 

U 


S 

3 


"O 

rt 

c 

(4 


> 


O 


rt 


rt 

Q 


o 

rt 

a 

rt 


U 


rt 

rt 


K 


T3 

B 

rt 

a 

% 

■4^ 

c 



Heat 

Capacity 

Dy Slope 
Measurement 
. Btu/lb/*F 

O O M tr CO o o o o 
oio»H(M'<^<co^moo 
»-icqc'jcgcvjc'3eoMeo 

ooooooooo 

Mean 

Temperature 
for Heat 
Capacity 
by Slope 
Measurement 

op 

ooooooooo 

O O O O O O O O o 
looiooioomom 

r-iT-iwc'jeoeo'^Tjc 

' rt 


' O- h 


a S 1 42 


rt Q ^ 

C-lOOOOOOO 

xi ^ o <n B 

ioooocqoo«Mi>Tj< 

r 5 'S' o rn 

t-irsoooiocviio 

c o S il 

cq eo CO c- os »-• 

W ^ rt 


e 


^ ti rt 

lOlOlOlOlOOOO 

rt "tTn P 

ir^msoco^cov-fco 

^ GO c 
H cd 

t-t>c-c-t>c-t>co 

> n 

tH ^ ^ rH ^ ^ tH 

t> o 

cocoeoeoeoeoeoeo 

•• 

mioioioioirtoo 

rt G 

lOLOlOCOvOCOCOr>l 

11 

t-H ^ ^ tH ^ ^ 

<-* > O 

cocQcocoeo. eopoco 

<D 




3 


■4^ 


a. rt 


2 'rt fci 

co-^OOOOOO 


Oi-HOOOOODiOO 

. P £2- 

CO'^ 1 -<'^ 0 '<*'OCO 

B 

t-h ccj cq CO CO 

0) ■ 


H . 


C B 

«-(0SCSI0<C005i-«C0 

^ G 

rH » rH rH rH rH €>5 

1 M 1 1 1 1 1 1 


OkUUUUOU 

■ « 5 

Hrt'^hT-lhHhrlh^hHlTH 

I.L 4 |JL| |-U| HH HH »-H hM 

M Z 



,. :-v:..; ‘ u ■ 


; 



258 













G r 

^ - a B 1, 

rt - CJ O OJ 

oj CO B 

^ ^ ^ Is - 

^ ^ 2 ca 


« a 

■tj Q- 2 

2 ffi 5 ?! r 

S® «S Sf. 

G O >, W 

S <2 U -Q 

a» .H 


omoiAtnmoo) 

t- CO eg ■^}< ifs m Tj« eo 

CO CO ■«1< ><}< Tj* rj< 

d d d d d d do 


oooooooo 
o o o o o o o o 
mousouoooo 
iH th eg eg eo CO 


■■ 

I 


^ j? rt 


eg 

(1) CO 3 

s 2 w 


o o o o o p o o 

O tH eo t> 00 d rf d 
CO CO O 0> 00 OS ifJ 

eg ITS V© tr OS eg CO 


^ -e CQ 

.£3 -a E 

-1^0 


O O O UO us US us : US 

CO eo CO P eg 00 CO p 

eg eg eg eg eg p P 'g< 

tH irH i-H ^ tH'O '^S 


USOOUSOUSPUS 
uscocoegeoegpp 
eg eg eg eg eg eg o p 

tH rH T—I 1— ( tH tH O 


2 ^ Ct, 

Q a ® 

S 

o 

b* 


egTi<us©Pooeg 

popp'giopeg 

C-T^HOSp-cJc-i-lPO 

T-i th eg eg CO p 'g* 


p O M M rje 

OiHr-tfiS^Hcgpeo 

r-< 1—I .1-H i-H iH iH tH 
I I I I I I • I 

U U O O O U O' o 
^ ^ S ^ 53 Dh Ph hC 


259 










Enthalpy and Heat Capacity Data for Tantalum Nitride 
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Enthalpy and Heat Capacity Data for Cerium Dioxide 
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Table 37. 



HC-181 4740 30.225 28.930 524.6 
















Enthalpy and Heat Capacity Data for Magnesium Oxide 



3 - <U 2 

■ti 9 a c 

2 ^ 'o o ^ . 

S w CS CO ^ ^ 
Q. Li Q- . „ ® 


(U 

Li 

3 . 

CT3 0 I—I 
S-i «M 
0) CO 3 

asm 

,(U 


o o o o o 
o o o o o 
moioomomo 
th T-i cq eg CO CO ^ 


5,-g3 S 

" ’lit rt 

a ^ u 


egooo>^>cnooOi-i 

■<f<' o cd IT) CO o 6 00 eg 
ooot~ot>o>c~THirt 
i-t-g’ifscoc'ooocgeo 


ouoooioooom 

Oojososcocoi-Hooeg 
os OJ 05 (3» 04 0> O ^ 

T}< Tjl 1J< tJH ■gi Tjl T^i TjJ ^ 


'ooouoomooo 

Osososasoscocoi-Hoo 

ososososososoS'^th 

Tl< Tji ^ Tjj eg' 


a rt 
2 ^ b 
Q Q- ® 

s 

o 


C Li 
3 0) 

S B 

05 3 


O5eo^moi/J0<iw 
OOi—(iHeO"<4<C»UOr^OS 
•XJ'sfioomosiftoscg 
»-icgcgcgcgeoeo'i' 


ococgoscoT-HOomm 

eoco-g^co^fiomcoe- 

^ tH tH ?-H iH tH 
I I I I I I I l l- 

o o 0-0 u u o o y 











I 









i.; 

G 



Oi 

eo 

0) 

43 

<4 




U 

O 


c4 

Q 

•rJ T3 
cd 5 

S'® 

rf ^ 
(o 3 

01 —■ 

j£ 

^ o 

"D 43 

>M 

a 

C^ 

s: 

c 

H 


' Heat 

, Capacity 
by Slope 
Measurement 
Btu/lb/-F 

O lA 0 > A 04 04 04 

1 “ t~ C~- t~ t» . 
OOOOOOO 

o o o o o o o 

Mean 

Temperature 
for Heat 
Capacity 
by Slope 
Measurement 
«F 

o o o o o o o 
o o © o © o o 

lA Q tA ..© lA O ,»A 
. tH C'TvCO -CA 

Enthalpy 
from Drop 
Temperature 
to 32 “F 
Blu/lb 

© CO O © e*> th lA 

cA eo o csj' 1 -J lA oo ci 
© th © '^'TO esj © 

^ eo 

^ w 

0 0:00 o >© © © 

Crt Cj 

© lA ©-tH-'IA iA rs* © 

2 >30 P 

^ i-l -iN © .^4 ^ ®* 

■ pW A* 

r ^ U 

eo CO csi CO of CO ^ 

^ ? O 

rj* 

-H ■" M 

© O © © © O o 

rt -S. P 

in m :in cs> m in in i-« 



.Tj T, CD 

c ^ ^ 

eo CO CO CO CO eo CO 

>-i ^ o 

Tji ^ 'jf ^ ot 

(U 


p 


3 


art 



O ^ © © lA tA © lA 

>-( <D ^ 

1-1 O O © C?- t- 00 rf 

Q a' 

in © © © © © © © 

6 

1 -t 1-1 eo CO eo © © 

0 ) 


H 


c 

3 (D 

■o< © © th o © © ao r 


<y> © © th © © © © 


1-1 i-H 1-1 © © © © © 

HH C 

ctf- 3 

O O O O O U U O 


hL| Mh 4 h hH Hk>H I-H 


265 




f 









Enthalpy and Heat Capacity Data for Zirconium Dioxide 
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Enthalpy for Heat Heat 

from Drop Capacity Capacity 

Drop Initial Final Temperature by Slope by Slope 

SRI Run Temperature Weight Weight to 32"F Measurement Measurement 

Number_“F_ Grams Grams _ Btu/lb_°F _ Btu/lb/^F 


HG-29 605 44.750 1 44.750 38.0 500 0.076 











Enthalpy and Heat Capacity Data for Molybdenum + 0. 5% Titanium 
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Table 43, 

Thermal Conductivity Data for Hafnium Diboride 


SRI Run No. 
Specimen No. 

Heat-Soak 
Temperature 

"F 

Specimen 

Mean 

Temperature 
For g " Gage 
Length 

«F 

Total Heat Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 
“F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft®/*F/in. 

Run TC 81 

1820 

307.7 

33 . 5 

430. 3 


1820 

296.6 

32. 5 

427.5 

Specimen 

1820 

300.1 

32. 5 

432.7 

No. 1 

2406 

363.1 

52. 5 

324.1 


2419 

367. 3 

49.5 

347.6 

3200-3350*F 

2412 

376.7 

57.5 

306.9 


2790 

519.8 

60.0 

405.8 


2794 

510. 9 

55.0 

435.2 


2796 

527.6 

53.5 

462. 0 


2787 

544.0 

64.0 

398. 2 


3241 

918.2 

71.0 

605. 9 


3246 

905. 6 

65.0 

652. 7 


3240 

906.4 

72.5 

585.7 


3510 

1361.6 

72. 5 

879.9 


3512 

1330. 2 

70.0 

890. 3 


3519 

1383.0 

61.5 

1053.6 

Specimen Founc 

i 

Cracked on P< 

Dst Inspection 

' 


Run TC 92 

1760 

467. 8 

57. 5 

381.1 


1760 

460. 3 

56.0 

385.1 

Specimen 

1760 

489.7 

49.0 

468. 2 

No. 2 

2464 

582.9 

80.0 

341.3 


2477 

562. 9 

76.0 

346. 9 

3200-3350"F 

2488 

525.1 

62.5 

393. 6 


2926 

664. 7 

89. 5 

347.9 


2929 

673. 5 

85.0 

371. 2 
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Table 43 (Continued) 

Thermal Conductivity Data for Hafnium Diboride 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 

"F 

Specimen 

Mean 

Temperature 
For Gage 

Length 
“jr 

Total Heat Flow 
Into L" Axial 
Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 

«F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ftVF/in. 

Run TC 92 

2927 

710.1 

88.0 

378. 0 

(Continued) 

3288 

989.6 

135.0 

343.4 f 


3299 

998.4 

121.5 

385.0 

Specimen 

3297 

1030. 8 

124.0 

389. 5 ^ 

No. 2 

3655 

1204.0 

102. 5 

550.3 V 


3675 

1184.3 

78. 5 

706. 8 

3200-3350“F 

3674 

1183.5 

80.0 

693.1 


3670 

1188.4 

84.0 

662.8 

Specimen Founc 

Broken on Po. 

3t Inspection 


'i . ‘ - 



















Table 44 


Thermal Conductivity Data for Thorium Tetraboride 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 

•F 

Specimen 

Mean 

Temperature 
For Gage 

Length 

•F 

Total Heat Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

■- 

■ 

Specimen AT 
Across 

Gage Length 
“F 

Specimen 
Thermal 
Conductivity 
Btu/hr/ft^/’-F/in. 

Run TC 95 

1184 

294.0 

74.0 

186.1 


1202 

305. 3 

71.5 

200.1 

Specimen 

1700 

384.3 

101. 0 

178.3 

No, 1 

1700 

358.7 

92. 5 

181.7 


1700 

385. 4 

68. 5 

263.6 

Not Heat- 

1700 

391.8 

75. 0 

244.7 

Soaked 

1700 

410.2 

76.0 

252.9 


2348 

486. 9 

105. 0 

217.2 


2373 

475.3 

92.5 

240. 7 


2375 

464.9 

102.5 

212.5 


2403 

472.6 

93.0 

238.1 


2921 

562.2 

106. 5 

247.3 


2924 

594. 6 

292.4 

253.2 


3456 

632. 7 

77.5 

382. 5 


3456 

641.1 

77.5 

387.6 


3477 

632. 7 

76.0 

390.0 

Specimen Fou 

id Broken on P 

ost Inspection 
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Table 45. 

Thermal Conductivity Data for Titanium Diboride 


SRI Run No. 
Specimen No 
Heat-Soak 
Temperature 

«p 


Specimen 

Mean Total Heat Flow 

Temperature Into Axial 

For Gage Calorimeter 
Length Gage Length 

?F Btu/hr 


272. 9 
324. 2 
367. 8 
382.7 

493.1 
478. 8 
480. 7 
613. 2 

596.1 
599.3 




- '■ ■' - - 

specimen AT 

Specimen 

Across 

Thermal 

Gage Length 

Conductivity 

op 

Btu/hr/ftV“F/in. 

54.0 

236. 7 

57. 5 

264. 2 

57.5 

299. 6 

59.0 

303.9 

62.0 

372.6 

66.5 

337. 3 

65.0 

346. 5 

81.0 

354.6 

84.0 

332. 5 

87. 5 

320. 9 

54.0 

377.3 

57.5 

375.0 

60.0 

378. 3 

69.5 

351.4 

81.0 

314.2 

78. 5 

330.1 

86.5 

294.0 

100.0 

294. 2 

96.0 

309.9 

99. 0 

293.6 

87. 5 

377.4 

82. 5 

361.7 

99.0 

350.5 

85.0 

409. 2 

95.0 

365.0 
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Table 45 (Continued) 

Thermal Conductivity Data for Titanium Diboride 


SRI Run No. 
Specimen No. 

Heat-Soak 
Tempe rature 

•F 

Specimen 

Mean 

Temperature 
For g-" Gage 
Length 

•F 

Total Heat Flow 
Into Axial 

Calorinrieter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 

op 

Specimen 

Thermal 

Conductivity 

Btu/hr/fl2/»F/in. 

Run TC 89 

1770 

362. 6 

80. 0 

212.4 


1770 

350. 7 

75.0 

219. 1 

Specimen 

1770 

373.3 

79. 0 

221.4 

No. 4 

1772 

372.5 

73.0 

239. 1 


2637 

473. 2 

100. 0 

221.7 

3500"F 

2637 

471.5 

99.5 

222. 0 


2644 

509.0 

91.0 

262.1 


3184 

694. 2 

140.0 

232.3 :■ 


3175 

754.3 

150.0 

235. 6 


3184 

764.4 

140.0 

255. 8 


3612 

941. 2 

142. 5 

309.4 


3614 

928.1 

140.0 

310. 6 


3612 

955.2 

142. 5 

314.1 


3962 

860. 3 

130.0 

310.0 


3962 

969. 9 

130. 0 

349. 5 


4167 

1107.6 

160.0 

324.3 


4165 

1121. 5 

162.5 

323.3 

Specimen Found 

4180 

Cracked on Pc 

1137.1 

>st Inspection 

145.0 

367.4 
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Table 46, 


Thermal Conductivity Data for Tungsten Boride 


1- SRrI-Run No. 
Specimen No. 

Heat-Soak 

Temperature 

•F 

Specimen 

Mean- 

Tempei'ature 
For Gage 

Length 

»F 

Tot-a-1 -Heat- Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across g-'' 
Gage Length 
“F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft2/"F/in. 

Run TC 66 

1800 

538. 5 

85.5 

295.1 


iaoo 

628. 2 

103. 5 

284.4 

Specimen 

1800 

539.0 

85.5 

295.3 

No. 1 

2519 

663. 6 

97.5 

318.9 


2555 

756.5 

114.0 

310.9 

SSOOT 

2577 

652.7 

100.0 

305.8 


2959 

802. 4 

121.0 

310.7 V 


2954 

772. 7 

127.5 

283.9 


2970 

741.0 

120. 5 

288.1 


3433 

834. 6 

152. 5 

256.4 


3450 

818. 6 

132. 5 

289. 5 


3432 

804. 9 

147. 5 

255.7 


3440 

793. 4 

138. 5 

268.4 


3780 

917.3 

150. 0 

286. 5 


3760 

901. 6 

175.0 

241.4 


3769 

938.9 

157. 5 

279.3 


4088 

1026. 7 

165.0 

291. 5 


4093 

1006.6 

171.0 

275. 8 


4113 

1005. 3 

165.0 

285.4 

Specimen Found 

Broken on Pog 

t Inspection 










Table 46 (Continued). 


Thermal Conductivity Data for; Tungsten Boride 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 

OR 

Speeirmen— 
Mean 

Temperature 
For Gage 

Length 

op 

Total Heat Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 
op 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft^/*F/in. 

Run TC 83 

1795 

222.1 

28. 5 

365.0 


1795 

218. 5 

32.0 

319.9 

Specimen 

1795 

222.1 

32. 5 

320.2 

No. 2 

2530 


48.0 

300.4 


2526 

313.1 

53. 5 

274.2 


2527 

312.4 

51.5 

284.1 




60.0 

312.6 




60.0 

314.3 



418.6 

64.0 

306. 5 


2938 


62.5 

317.8 



566.7 

97. 5 

272. 3 


3387 

564. 5 

87. 5 

302. 2 


3411 

547. 1 

95.0 

269.8 

Specimen Found 

Cracked on Pc 

)st Inspection 

i 

1 

L _ 

■ 
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Table 47. 

Thermal Conductivity Data for Dimolybdenum Carbide 


SRI Run No. 

~Specimen No. 
Heat-Soak 
Temperature 

Specimen 

Pi/Iean 

Temperature 
For |-" Gage 
Length 
“F 

Total Heat Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 

....... -V . 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft^/^F/in. 

Run TC 62 

1740 

473. 0 

146.0 

151.8 


1740 

465.3 

137.0 

159. 1 

Specimen 

1740 

487.6 

140.0 

163.2 

No. 1 

1743 

448.6 

130.0 

161.7 


2321 

555.1 

155.0 

167,8 ? 

Not Heat- 

2326 

595. 5 

167.5 

166.6 : 

Soaked 

2333 

551.0 

165.0 

156.4 


3009 

650. 9 

176. 0 

173.3 ' 


3016 

642.0 

167. 5 

179.6 


3018 

602.6 

165.0 

171.1 


3422 

652. 3 

166. 5 

183. 5 


3416 

688.8 

185.0 

174.4 


3441 

645. 0 

155.0 

195.0 . 


3885 

772. 3 

150.0 

241.2 


3864 

781.6 

170.0 

215.4 


3886 

797. 0 

167.5 

222. 9 


3885 

753.9 

162. 5 

217.4 

Specimen Foun 

d Broken and Pc 

irtially Melted on 

Post Inspection 
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Table 47 (Continued) 


Thermal Conductivity Data for Dime 


SRI Run No. 
Specimen No. 
Heat-Soak 
Temperature 

•F 

Specimen 

Mean 

Temperature 
For Gage 

Length 
»F 

Total Heat Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Run TC 73 

1650 

514.9 


1650 

585.7 

Specimen 

1650 

555. 9 

No, 2 

2185 

671.2 


2196 

639. 0 

Not Heat- 

2196 

617.4 

Soaked 

2192 

587.1 


2190 

589.6 


2857 

705. 2 


2860 

749.1 


2865 

744.9 


3345 

853. 7 


3332 

856.9 


3330 

844.3 


Specimen Found Broken on Post Inspection 
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Carbide 


Specimen AT 
Across g-" 
Gage Length 
“F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft®/»F/in. 

130.0 

185. 5 

136.0 

201.7 

139.0 

187.4 

138. 5 

227.1 

125.0 

239.5 

125.0 

231.4 

130.0 

211.6 

132.5 

208. 5 

159.5 

207.1 

162. 5 

215. 9 

162.5 

214. 8 

186.0 

215. 0 

190.5 

210.7 

180.0 

219. 8 
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Table 47 (Continued). 

Thermal Conductivity Data for Dimolybdenum Carbide 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 

“F 


Specimen 

Mean Total Heat Flow 

Temperature Into Axial 

For 5 -" Gage Calorimeter 

Length Gage Length 

“F Btu/hr 


1960 

1960 

1960 

1960 

2496 

2503 

2503 

2883 

2893 

2898 

2911 

3267 

3258 

3266 

3263 

3621 

3832 

3812 

3818 

3811 


203. 3 

208. 3 

209. 2 
206, 0 
249.9 
252.4 
262.1 
353. 2 

361.3 
375.6 

351.4 
428. 6 
464. 9 
461, 5 
494. 5 
637. 5 
734. 7 
762. 3 
748. 0 
745. 7 


Specimen AT 
Across 
Gage Length 

"F 


66 , 5 

65.5 
73. 5 
64. 5 
82. 5 
81.0 

86.5 

92.5 
104.5 

99. 0 
95. 5 
99. 5 
111.0 
101.0 
104. 5 
125.0 
130.0 
142. 5 
135.0 
125.0 


Specimen 

Thermal 

Conductivity 

Btu/hr/ft^/“F/in. 


43. 2 


49.0 


33.3 


49.6 


41.7 


46.0 V 


42.0 


78.9 


62.0 
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Table 48. 


Thermal Conductivity Data for Hafnium Carbide 


SRI Run No. 

Specimen 

Mean 

Specimen No. 

Temperature 

Heat-Soak 

For I-” Gage 

Temperature 

Length 

“F 

"F 


Run TC 93 

Specimen 

No. 1 

4000“F 


1810 

1810 

1810 

1813 

2705 

2700 

2685 

3125 

3124 

3110 

3538 

3534 

3534 

4054 

4058 

4067 

4201 

4217 

4213 

4433 

4416 

4415 


Total Heat Flow 
Into Axial 
Calorimeter 
Gage Length 
_ Btu/hr _ 

401.9 

439.4 
444. 2 
459. 3 
464. 0 
491.0 
502. 2 

526.1 
550. 8 

529.4 
627.8 

648.2 
677. 2 

793.4 
811.6 
775. 5 

905.1 

924.1 
899. 8 

1000. 7 
1018.5 
1005.3 


Specimen AT 

Specimen 

Across 

Thermal 

Gage Length 

Conductivity 

op 

Btu/hr/ft^/”F/in. 


168.0 
178. 5 
182.0 
184.0 
175.0 
181. 0 
198. 0 
210.0 
211.5 
228. 5 
195. 5 
200.0 
200 . 0 
217. 5 
212 . 5 
202. 5 
240. 0 
220 . 0 
225. 0 
237. 5 
245. 0 
235. 0 


112.1 
115. 3 

114.3 
117.0 
124. 2 
127.1 
118.8 

117.4 
122. 0 
108. 5 

150.4 
151. 8 
158. 6 
170. 9 
178.9 

179.4 
176.7 

196. 8 

187.4 

197. 4 
194. 8 
200. 4 


Specimen Found Broken on Post Inspection 
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Table 49. 

Thermal Conductivity Data for Titanium Carbide 


SRI Run No. 
Specimen No. 

Heat-Soak 
Temperature 
F 


Specimen 

Mean 

Temperature 
For Gage 
Length 

op 


Total Heat Flow 
Into Axial 
Calorime ter 
Gage Length 
Btu/hr 


Specimen AT 
Across 
Gage Length 
op 


Specimen 

Thermal 

Conductivity 


Btu/hr/ft7»F/in. 



Run TC 77 

Specimen 
No. 2 

3500*F 


2946 

166.4 

65.0 

2958 

193.0 *-■ 

56.0 

2963 

179. 5 

57.0 

3356 

252.7 

101.5 

3369 

277. 5 

85.0 

3363 

249. 7 

92. 5 

3721 

233.5 

95. 0 

3715 

261.7 

102. 5 



19 

61 

47 


116. 6 
152.9 

126.5 
115.2 

119.6 










i 



Table 49 (Continued). 

Thermal Conductivity Data for Titanium Carbide 


- ■’ : 

SRI Run No. 
Specimen No. 

Heat-Soak 
Tempe rature 

•F 

Specimen 

Mean 

Temperature 
For I-" Gage 
Length 
®F 

Total Heat Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 
op 

Specimen 

Thermal 

Conductivity 

Btu7hr/ft^/«F/in. 

1 ’•! i 

Run TC 77 

3719 

253.1 

97. 5 

121.6 

'I 

(Continued) 

4063 

369.5 

105.0 

164.9 



4055 

386. 9 

102. 5 

176. 8 


Specimen 

4049 

396.4 

110.0 

168. 8 


No. 2 

4340 

457. 2 

120.0 

178.5 

i { 


4342 

457.4 

117. 5 

182.4 


3500-F 

4308 

454.2 

134.5 

158. 2 

1 

i 

Specimen Founc 

Cracked on P 

Dst Inspection 



t 

■ 1 

Run TC 84 

1560 

426.1 

54. 5 

366.3 



1560 

442.7 ' 

56.0 

370. 3 

> ■ 1 

Specimen 

1558 

452.6 

67. 0 

316. 5 


No. 3 

2349 

467. 8 

85. 5 

256.3 



2365 

487.3 

90.5 

252.3 


3350-F 

2766 

514.7 

101.5 

237.6 

i 


2796 

524.3 

113.5 

216.4 

i 



516.4 

102. 5 

236.0 

1 . 



584. 5 

169.0 

162.0 

> ^ 



613. 6 

162, 5 

176. 9 



3347 

578. 9 

160.0 

169. 5 

- 1 ! 



711.7 

142. 5 

234.0 



3968 

706. 7 

135,0 

245.2 

* ‘r 


3957 

755. 8 

147. 5 

240.1 

■’ li 

Specimen Founc 

, 

Cracked on P 

ost Inspection 






1__ 
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Table 50. 


Thermal Conductivity Data for Tungsten Carbide 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 

•F 

Specimen. 

Mean 

Temperature 
For L" Gage 
Length 

-F 

Total Heat Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across g-" 
Gage Length 
"F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft^Z-F/in. 

Run TC 56 

1525 

541.3 

86 . 5 

.293.2 

, 

1525 

601. 8 

98.5 

286. 3 

Specimen 

2123 

735.6 

92. 5 

372.6 . 

No. 1 

2li7 

691.6 

100.0 

324. 0 


: 2117 

673. 7 

100.0 

315.6 : . 

3875-F 

2519 

829. 5 

97.5 

398.6 . . 


2527 

715.8 

100.0 

335. 4 


2527 

700. 8 

100.0 

328.3 

, 

2987 , 

802. 3 

117. 5 

319.9 


3013 

817.3 

105.0 

364.7 


3542 

799.0 

100.0 

374.3 V 


3546 

855. 0 

95.0 

421.6 


3548 

764. 1 

92.5 

387. 0 

■ . 

Specimen Found 

Cracked on Po 

St Inspection 


- 

Run TC 74 

3048 

924. 0 

122.5 

353.4 


3046 

919.3 

125.0 

344. 6 

Specimen 

3057 

947. 2 

123.5 

359.3 

i No. 2 

3784 

1043. 5 

140.0 

349.2 


3816 

1013. 1 

137. 5 

345.2 

3650-3700“F 

3818 

992.5 

135.0 

344.4 


4113 

1108.5 

141.0 

368.3 


4124 

1134.3 

127.5 

416.8 


4107 

1124. 2 

147. 5 

357.1 


4116 

1101.8 

137.5 

375.4 

Specimen Found 

Broken on Pos 

t Inspection 


■ 
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Table 51. 


Thermal Conductivity Data for Vanadium Carbide 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 

•F 

Specimen 

Mean 

Temperature 
For Gage 

Length 
"F 

Total Heat Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across |-" 
Gage Length 

op 

Specimen 

Thermal 

Conductivity 

Btu/hr/ftV*F/in. 

Run TC 6 

1775 

545. 0 

107.5 

238.0 


1775 

549. 0 

110 . 0 

233.0 

Specimen 

2590 

695.0 

121.5 

268.0 

No. 1 

2590 

707.0 

123.0 

269. 0 


2590 

665.0 

131.0 

238.0 

3675-F 

2985 

835.0 

137.5 

284.0 


2975 

805. 0 

145. 5 

259.0 


2970 

838.0 

155.0 

253.0 


3480 

965.0 

142. 5 

317.0 


3480 

981.0 

137. 5 

334.0 


3480 

1036. 0 

150. 0 

323.0 

Specimen Found 

Cracked on Po 

St Inspection 



Run TC 80 

1754 

265.7 

46.0 

270.6 


1754 

265.3 

45.0 

276.2 

Specimen 

1754 

256. 3 

46. 5 

258. 2 

No. 2 

1754 

257.6 

44.5 

271. 2 


2457 

318.0 

70. 0 

212.8 

3475“F 

2457 

330. 2 

69. 5 

222. 6 


2459 

320. 8 

67.5 

222. 7 


2860 

429. 5 

96.5 

208. 5 


2868 

426.9 

98. 5 

203.1 


2874 

428.1 

104.0 

192.8 


2876 

420. 5 

89.0 

221.4 


3225 

506. 2 

102.0 

232. 5 


3233 

525.1 

117.0 

210.3 


283 
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Table 51 (Continued). 

Thermal Conductivity Data for Vanadium Carbide 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 

»F 

^. Specimen 
Mean 

Temperature 
For Gage 

length 
' "F 

Total Heat Flow 
Into Axial 

Ca,lorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 

■ 

. 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft^/^F/in. 

Run TC 80 

f 

3259 

515. 2 

110.0 

219. 4 

(Continued) 

3259 

510. 2 

110.0 

217.3 


3454 

658.0 

116.0 

265.7 

Specimen 

3457 

673. 5 

124.0 

254. 5 

No. 2 

3472 

659. 3 

118. 5 

260.7 r 


3742 

798. 3 

117. 5 

318.3 ■ 

3475*F 

3753 

772. 2 

105.0 

344.5 


3755 

801.1 

102.5 

366.1 


3740 

806. 5 

120.0 

314.9 

Specimen Found 

Cracked on P( 

5 st Inspection 
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Thermal Gonductivity Data for Boron Nitride 


■ 

SRI Run No. 
Specimen No. 

Heat'Soak 

Temperature 

•F 

Specimen 

Mean 

Temperature 
For Gage 

Length 

•F 

• 

Total Heat Flow 
Into 1"'' Axial 
Calorinjeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 
• F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft^/®F/in. 

Run TC 50 

1542 

442.8 

llllO 

186.9 


1575 

436.1 

109.0 

187. 4 

Specimen 

1575 

541.2 

131.0 

193.5 

No. 1 

2548 

579.3 

195.0 

139. 2 


2563 

594.1 

207; 5 

134.1 

Not Heat- 

2594 

561. 5 

187.5 

140.3 

Soaked 


■ 



Specimen Founc 

in Good Condi 

tion on Host Inspec 

tion 


Run TC 52 

1425 

629.3 

117. 5 

250.9 


1425 

591. 6 

121. 5 

228.1 

Specimen 

2220 

563. 8 

181.0 

145. 9 

No. 1 

2195 

703. 8 

186.0 

177.3 


2196 

621.2 

185.0 

157.3 

Not Heat- 

3011 

776.4 

239. 5 

151.9 

Soaked 

3020 

830. 5 

241. 0 

161.4 


2991 

829.2 

240.0 

161.9 


2979 

794.8 

253. 5 

146.9 


3365 

915.3 

342. 5 

125.2 


3336 

1057.3 

390.0 

127.0 


3342 

1076.1 

395.0 

127.6 


3340 

1090. 3 

397.5 

128. 5 

- ■ 

3346 

1070. 6 

390.0 

128. 6 

Specimen Founc 

in Good Condi 

:ion on Post Inspec 

- 

tion 
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Table 52 (Continued). 

Thermal Conductivity Data for Boron Nithide 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 

•F 

Specime n 
Mean 

Temperature 
For. |-" Gage 
Length 
" “F 

Total Heat Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 

»F 

Specimen 
Thermal 
Conductivity • 
Btu/hr/ft2/"F/in. 

Run TC 64 

1525 

765.1 

197.5 

181.5 


1525 

735. 8 

191.5 

180.0 

Specimen 

2329 

902.9 

236. 0 

179. 2 

No. 2 

2313 

920. 2 

242. 5 

177.8 F 


2317 

894.9 

238. 5 

175.8 

Not Heat- 

2871 

1052.3 

287. 5 

171.5 

Soaked 

2842 

1070. 1 

310.0 

161.7 


3357 

1222.9 

425.0 

134. 8 


3373 

1225.3 

417. 5 

137. 5 


3367 

1220. 5 

425.0 

134.5 

Specimen Found 

in Good Condi 

tion on Post Inspec 

• 

;ion 




Tabte 53. 

Thermal Conductivity Data for Tantalum Nitride 


SRI Run No. 
Specimen No. 

Heat-Soak 
Temperature 

-F 

- Specimen— 
Mean 

Temperature 
For Gage 

Length 

•F 

Total Heat Fl6w 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 
'F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft^/*F/in. 

Run TC 53 

1770 

388.5 

237.0 

76. 8 


1770 

383. 6 

230.5 

77.9 

Specimen 

1767 

371.2 

221.0 

78.7 

No. 1 

1770 

363.6 

230.5 

73.9 


1770 

333. 6 

213. 5 

73.2 


2443 

418.2 

237.5 

82. 5 


2440 

395.0 

24L0 

76.8 


2440 

395. 8 

240. 0 

77.3 


2845 

540. 5 

186.5 

135.8 


2838 

526.6 

182.5 

135.2 


2818 

490. 2 

195.0 

117.8 

Specimen Found 

Broken on Pos 

;t Ihspectipn 



Run TC 90 

1247 

251. 8 


66.3 


1273 

2^8.6 

170.0 

71.3 

Specimen 

1745 

356.0 

167. 5 

99.6 

No. 2 

1745 

366. 0 

162. 5 

105.5 


1745 

381.9 

171.0 

104.6 

Not Heat- 

1743 

388. 2 

175. 5 

103.6 

Soaked 

2847 

445.9 

124. 0 

168. 5 


2856 

477.3 

113.0 

197. 9 


2859 

477.1 

109. 0 

205.1 


3280 

521. 7 

132. 5 

184. 5 


3290 

568.3 

145. 0 

183.6 


3302 

805. 5 

142.5 

199.1 








Table 53 (Continued). 


Thermal Conductivity Data for' Tantalum Nitride 


1 SRI Run No. 
Specimen No. 

Heat-Soak 
Temperature 

-F 

Specimen 

Mean 

Temperature 
Into Gage 

iLength 

•F 

-' . " ■ - ■ - 1 

Total Heat Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 

"F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft^Z-F/in, 

Run TC 90 

3-886 

757. 2 

137. 5 

258. 0 

(Continued) 

3875 

790. 2 

150. 0 

246.8 


3869 

829.4 

157.5 

246.7 

Specimen 

4518 

594.4 

122. 5 

227. 3 

No, 2 

4492 

633.9 

130. 0 

228. 4 

Not Heat- 

4471 

706. 4 

125.0 

264.7 ; 

Soaked 





Specimen Found 

Broken on Post Inspection 

i___^___ 






1 




Table 54, 

Thermal Conductivity Data lor Beryllium Oxide 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 

"F 

Mean 

Temperature 
For Gage 

Length 
«F 

Total Heat; Flow 
Into L" Ajtial 
Calorime ter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 
•F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft^/"F/in. 

Run TC 96 

1351 

286.3 

126. 0 

106.4 


1357 

305.0 

132, 0 

108.3 

Specimen 

1381 

250. 6 

112.0 

104.8 

No. 1 

1785 

326.1 

183.0 

83. 5 


1800 

293.5 

157.0 

87.6 

Not Heat- 

1800 

264.4 

161.0 

76.9 

Soaked 

1800 

261.3 

158. 0 

77.5 


2439 

324.4 

266. 5 

57.0 


2448 

305. 9 

242.5 

59.1 


2434 

305.1 

259. 5 

55.1 


2442 

309. 5 

250.0 

58.0 


2754 

267.3 

295.5 

42. 5 


2756 

268.1 

293. 5 

42. 8 


2712 

297. 7 

335. 0 

41.6 


2998 

268.5 

363.5 

34.6 


2978 

267. 2 

387.5 

32.3 


2978 

282, 6 

387. 5 

34. 2 


2983 

286. 6 

331.0 

35.2 


3143 

301. 6 

430.0 

32.9 


3133 

301. 8 

441.5 

32.0 


3157 

312.1 

425.0 

34.4 


3135 

336.3 

451.0 

34.9 

Specimen Found 

Broken on Pos 

t Inspection 
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1 
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Table 54 (Continued). 

Thermal Conductivity Data for Beryllium Oxide 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 


Specimen 

Mean 

Temperature 
For Gage 
Length 


Total Heat Flow 
Into Axial 
Calorimeter 
Gage Length 


2750 

2729 

2986 

3002 

2992 

3145 

3151 

3172 

3169 


467.3 
441. 0 

540.4 
543.0 
522. 8 

562.9 

578.9 
560. 8 
556.7 


Specimen AT 
Across L" 
Gage Length 


•p 

“F 

Btu/hr 

"F 

Run TC 98 

1012 

277. 5 

101. 5 


1038 

281.1 

101.0 

Specimen 

1042 

273.4 

93.5 

No. 2 

1057; 

276.4 

104.5 


1860 

344. 8 

231. 5 

Not Heat- 

1860 

355.1 

226. 5 

Soaked 

1860 

345.7 

231. 5 


1857 

347.0 

269.0 


2402 

382.0 

286.0 


2403 

353. 5 

285. 0 


2414 

366.6 

272.5 


2405 

335.9 

282. 5 


2727 

402.2 

280. 0 


2713 

459.4 

297. 5 


2729 

501.4 

277. 5 


265.0 
290.0 
347. 5 
358. 5 
370. 5 
427.0 
420.0 
406. 5 
410.0 


Specimen 

Thermal 

Conductivity 

Btu/hr/ftV°F/in. 

128.1 

130.4 

137.0 

123.9 

69.8 

73.5 ? 

70. 0 
60.4 

62.6 

58.1 
63.0 
55.7 

67.3 

72.4 

84.6 
82. 6 

71. 2 

72.9 

70.9 

66.1 

61. 8 

64.6 

64.6 

63.6 


Specimen Found Cracked on Post Inspection 


') 
















Table 56. 


Thermal Conductivity Data for Hafnium Dioxide 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 


Specimen 

Mean 

Temperature 
For 5 -" Gage 
liength 


OF 

' “F 

Run TC 58 

1997 


1997 

Specimen 

2358 

No. 1 

2337 


2358 

Not Heat- 

2666 

Soaked 

2629 


2650 


3020 


3027 


3014 

3452 


Total Heat Flow 
Into Axial 
Calorimeter 
Gage Length 
Btu/hr 


187.6 
163.5 

210.7 
233. 7 

236.3 
262.1 

281.4 

278.8 
284. 3 
320. 5 

313.4 
374.1 


Specimen Found Deteriorated on Post Inspection 


Specimen AT 
Across 

Gage Length 
-F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ftV’F/in. 

463.5 

18. 9 

450. 0 

17.0 1 

592. 5 

16. 7 

617.;5 

17.7 ; 

592.,5 

18.7 

702. 5 

17.5 

747. 5 

17. 6 

752.5 

17.4 

830.0 

16.1 

810.0 

18. 5 

825.0 

17. 8 

960.0 

18.3 









Table 57. 


Thermal Conductivity Data for Magnesium Oxide 


SRI Run No. 
Specimen No. 

Heat-Soak 
Temperature 

•F 

_ Specimen 
Mean 

Temperature 
For Gage 

Length 

"F 

Total Heat: Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 
"F _ 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft^/*F/in. 

Run TC 51 

1580 

277.7 

170.0 

76. 5 


1580 

266.3 

171.0 

72.9 

Specimen 

1580 

269.7 

175. 0 

72.2 

No. 1 

2430 

290. 4 

288. 5 

47.2 


2441 

294.9 

275. 0 

50.2 

1 Not Heat- 

2449 

297.5 

272. 5 

51.1 

Soaked 

2553 

303.0 

309. 0 

45.9 


2567 

287. 3 

292.5 

46.0 


2568 

277.4 

291.0 

44.7 ■ 


2928 

306. 6 

387. 5 

37.1 


2967 

352.0 

412.5 

40.0 


2984 

334. 2 

391.5 

40. 0 


2986 

318. 8 

390. 0 

38.3 


3253 

397. 0 

550. 0 

33. 8 


3269 

428. 0 

555. 0 

36.1 


3265 

410.0 

560. 0 

34.3 


3378 

516.0 

700.0 

34. 5 


3365 

512.0 

715.0 

33.6 


3375 

513. 0 

715.0 

33.6 


3720 

575.0 

710.0 

37.8 


3700 

615.0 

722. 5 

39.8 


3700 

610.0 

722. 5 

39.6 


3700 

598.0 

722. 5 

38.7 

Specimen Found 

Broken and Pa 

rtially Melted On I 

*ost Inspection 
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Table 59. 

Thermal Conductivity Data for Zirconium Dioxide 


SRI Run No. 
Specimen No. 

Heat-Soak 

Temperature 

“F 

Specimen 

Mean 

Temperature 
For Gage 

Length 

"F 

Total Heat Flow 
Into Axial 

Calorimeter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 
"F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft^/'F/in. 

Run TC 54 

1500 

92.7 

360. 0 

12.1 


1500 

118.0 

385.0 

14.4 

Specimen 

1500 

106.9 

397.5 

12.6 

No. 1 

2078 

158.6 

580. 0 

12. 8 


2068 

162.1 

592. 5 

12.8 

Not Heat- 

2080 

138.2 

590. 0 

11.0 

Soaked 

2337 

140.1 

797.5 

9.9 


2331 

177. 6 

805. 0 

10.3 


2317 

165. 7 

822. 5 

9. 4 


2300 

161.4 

842. 5 

9.0 


2744 

241.2 

987.5 

11.4 


2783 

221.7 

922. 5 

11.3 


2777 

180.1 

930. 0 

9.1 


3139 

258. 6 

1012. 5 

12.0 


3176 

245. 4 

980.0 

11.7 


3163 

211.7 

995.0 

10.0 


3646 

266. 6 

1027.5 

12.2 


3628 

296.7 

1037.5 

13.4 

• 

3642 

269.1 

1032.5 

12.2 

Specimen Founc 

Broken on Poj 

!t Inspection 







Table 60. 

Thermal ConduetlvUy Data for Columbium +0. 5% Zirconium 


SRI Run No.' 
Specimen No. 

Heat-Soak 
Temperature 

op 


Specimen 
Mean , 
Temperature 
For Gage 
Length 
"F 


1700 

1700 

1700 

2595 

2589 

2595 

2844 

2841 


Total Heat Flow 
Into Axial 
Calorimeter 
Gage Length 
Btu/hr 


345.7 
338.9 
349.1 
321. 0 
376.0 
378. 1 

373.7 
382. 2 


Specimen AT 
Across 
Gage Length 


04.0 
06. 5 
01.1 
26. 0 
46.0 
38. 5 
40. 0 
55.0 


Specimen 

Thermal 

Conductivity 

Btu/hr/ft®/”F/in. 


55.7 
49.1 
61.9 
19.3 
120.7 
127. 9 
125.1 
115.5 



ion on Post Inspec 



1974 

2008 

2454 

2440 

2441 
2709 
2739 
2733 
3098 
3167 
3167 
3425 
3457 
3454 
3461 


452. 9 

452.4 
412. 5 
489. 9 
471. 6 
538. 3 
470. 9 

485.3 
625. 0 

630.5 
588. 1 
692. 1 
650.1 

667.4 

683.6 


127. 5 
129.0 
127. 0 
150. 0 
149.0 
157. 5 
157. 5 
152. 5 
182. 5 
177. 5 
177. 5 


Partially Melted on Post Inspect 



166.4 

164.3 
152. 2 
153.0 

148.3 
160.1 
140. 1 

149.1 

160.5 

166.4 
155. 2 

154.4 
176. 6 
156.3 

191.2 















Table 61. 

Thermal Conductivity Data for Molybdenum +0. 5% Titanium 


SRI Run No. 
Specimen No. 

Heat-Soak' 

Temperature 

•F 

Specimen 

Mean 

Temperature 
For Gage 

Length 

"F 

. 

Total Heat Flow 
Into Axial 

Caro rime ter 
Gage Length 
Btu/hr 

Specimen AT 
Across 

Gage Length 
"F 

Specimen 

Thermal 

Conductivity 

Btu/hr/ft-/"F/in. 

Run TC 45 

1775 

343.6 

89.0 

180. 9 


1775 

372.1 

105. 5 

165.2 

Specimen 

1760 

380.6 

91. 5 

194.9 

No. 1 

1760 

396.7 

94.5 

196.7 


2503 

446. 9 


199.4 

2800" F 

2544 

446.9 


201.3 


2514 

454.6 

115.0 

185.2 


2887 

392. 9 


184.1 


2889 

428.7 


181.6 


2894 

442.2 

116. 0 

178.6 

Specimen Founc 

in Good Condi 

ion on Post Inspec 

tion . 


Run TC 46 

2528 

593.2 

135.0 

205. 8, 


2528 

586.1 

135.0 

203.4 

Specimen 

2528 

589. 8 

135.0 

204. 7 

No. 1 

2777 

589. 2 

147.5 

187. 1 


2780 

571.6 

145.0 

184.7 

2800"F 

2782 

593. 6 

142. 5 

195. 2 


2807 

609. 6 

135.5 

210. 8 


3187 

568. 7 

136.0 

195.9 

' 

3155 

580. 3 

175.0, 

155.4 


3 177 

569. 9 

147.5 

181.0 


3195 

619.3 

162.5 

178.6 


3205 

631.7 

162.5 

182.1 


3199 

589. 5 

170.0 

162. 5 


3732 

592. 2 

117.5 

236.1 


3824 

551.4 

140.0 

184.5 


3871 

530. 0 

107.5 

231. 0 


3917 

510. 8 

100.0 

239.3 

Specimen Found 

i_:_ 

Partially Melt 

ed on Post Inspect! 

on 














Thermal Conductivity Data for 
Magnesium Oxide with GFE Apparatus 
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Specimen Found Cracked on Post Inspection and Color Change. 








Thermal Conductivity Data f 



Specimen Found Cracked on Post Inspection 













Thermal Conductivity Data for 
Zirconium Dioxide With GFE Apparatus 
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Table 67 


Total Normal Emittance of Hafnium Diboride 


Run-No; T 


Observed 

Temperature 

•F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

“F 

Emittance 

Remarks 

1045 '^ 

0.029 

1045 

-39 


1205 '^ 

0.051 

1205 

.45 


1380'^ 

0.110 

1380 

.47 


1650 

0.212 

1810 

.54 


1850 

0. 348 

2030 

.61 


2000 

0. 502 

2170 

.72 


2260 

0. 820 

2460 

.77 


2400 

1.016 

2590 

.80 


2270 

0. 870 

2450 

.83 


2580 

1.346 

2820 

.77 


2830 

1.891 

3100 

. 79 


2960 

2.314 

3220 

. 83 


3250 

3.113 

3580 

.78 

Small Dark 

Spots on 

Surface 

3370 

3.698 

3700 

.80 


3530 

4. 359 

3930 

.77 

Spots 

Disappeared 

3620 

4. 675 

4060 

.73 


3820 

5. 760 

4280 

. 76 


3900 

6. 301 

4360 

.77 


4020 

6. 712 

4530 

.71 

Large Dark 
Areas on 

Surface 

4060 

6. 251 

4390 

■'^5 

Dark Areas 
Disappeared 

With Evo¬ 
lution of 

Smoke 

4100 

6. 920 

4480 

.77 



303 



















Table 68. 

Total Normal Emittance of Thorium Tetraboride 





1 Table 69. 

- Total Normal Emittance of Titanium Diboride 


Observed 

Temperature 

“F 

Radiometer 
Output ' 
Millivolts 

True 

Temperature 
. ®F 

Emittance 

Remarks 

1065'^ 

0.032 

1065 

.41 


1315'^ 

6.117 

1315 

.79 


1450 

0.174 

1530 

.77 


1660 

0 . 281 

1790 

.77 


1830 

6.418 

1950 

.87 


2040 

0. 590 

2180 

.87 


2240 

0 . 801 

2450 

.76 


2350 

0.951 

2560 

.78 


2270 

0. 799 

2460 

.76 


2690 

1.238 

3050 

. 55 


2610 

1.035 

2990 

.50 


2940 

1.438 

3470 

.40 


3030 

1.669 

3600 

.41 


3280 

2 . 220 

3920 

. 39 


3410 

2.435 

4180 

.35 


3520 

2.965 

4350 

. 36 


3610 

3.150 

4480 

.35 


3730 

3. 555 

4660 

.35 


3800 

4. no 

4730 

.37 


3740 

3. 850 

4660 

.37 

1 

3870 

4. 500 

4730 

.40 ! 

3880 

4.620 

4740 

.40 

3920 

5. no 

4730 

.46 

3880 

5.070 

4600 

.51 ■ 

3840 

5.480 

4410 

. 63 

Specimen Smoklra 

3840 

‘5.430 

4440 

.61 ! 

4000 

5.21 

4900 

.42 











Table 70. 

Total Normal Emittance of Tungsten Boride 


l 


Observed 

Temperature 

*F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

*F 

Emittance 

Remarks 


0. 030 

975 

.48 


1290'^ 

0. 071 

1290 

.52 



0 . 166 

1810 

.43 



0 . 262 

2030 

.47 



0.353 

2630 

.26 


2360 

0.465 

2850 

.26 

Black Crystals 
Formed on 
Surface 

2360 

0 . 610 

2720 

.40 

Crystals 

Disappeared 


0. 864 

3150 

.34 



1.048 

3410 

.30 


2850 

1.152 

3440 

.33 



1.496 

3670 

.34 



1.898 

3950 

.33 



2. 516 

4320 

.32 



2. 541 

4370 

.31 



3.100 

4610 

.31 



3.368 

4700 

.31 

Edges Melting 


4. 150 

4840 

.35 

' 


5.130 

4440 

.57 


3710 

4. 955 

4230 

.66 

Specimen 

Bubbling 

3880 

5.732 

4430 

.66 



307 
















Table 71 


Total Normal Emittance of Zirconium Diboride 


Observed 
Temperature-- 

"F 

Radiometer 
Output- . 
Millivolts 

. True 

Temperature- 

"F 

Emittance 

Remarks 

990”^ 

0. 023 

990 

.35 


1325T 

0 . 082 

1325 

. 55 


1470 

0 . 127 

1590 

. 51 


1720 

0. 285 

1850 

.72 


1530 

0. 156 

1670 

.54 


1680 

0. 244 

1820 

.61 


1830 

0. 401 

1990 

.79 


2130 

0.643 

2290 

. 83 


2230 

0. 774 

2420 

.73 


2300 

0. 995 

2540 

.79 


2610 

1.359 

2860 

.75 


2850 

1.932 

3140 

.76 


3060 

2. 425 

3370 

.75 


3030 

2.333 

3360 

.73 


3280 

2.956 

3580 

.67 

Dark area on 
Surface 

3360 

3.827 

3850 

.72 

Specimen 

Smoking 

3600 

4.475 

4050 

.71 


3740 

5.145 

4240 

.68 


3840 

5. 420 

4400 

.65 

Large Dark 

Spot on 

Surface 

3940 

6 . 040 

4540 

.63 


3990 

6.340 

4590 

.63 


4060 

6 : 730 

4670 

.64 


4120 

6 . 070 

5000 

.46 

Specimen 

Smoking 







Table 72. 


Total Normal Emittance ofColumbium Carbide 


Run No.- 1 


Observed 

Temperature 

«F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

«F 

Emittance 

------ 

i 

» 

Remarks ! 

T 

1115 

0.034 

1115 

.38 

1 

1 

1 

1 

I 

1270^ 

0. 098 

1270 

.75 


1450 

0 . 166 

1540 

.72 


1610 

0. 277 

1710 

.87 


1880 

0.463 

2000 

.89 

\ 

2100 

0. 707 

2350 

.78 


2210 

0. 782 

2440 

.75 


2050 

0 . 628 

2220 

.84 


2350 

0. 959 

2580 

.77 


2490 

0. 957 

2850 

.54 


2730 

1.377 

3130 

. 55 


2860 

1. 678 

3290 

.57 


3020 

1.372 

3860 

. 26 


3110 

1.577 

3980 

.27 

Specimen 

Cracked 

3210 

1. 814 

4080 

. 28 


3290 

2. 005 

4150 

. 28 


3420 

2. 317 

4380 

. 28 


3470 

2. 498 

4440 

. 28 


3490 

2. 595 

4470 

. 28 


3550 

2.740 

4550 

. 28 


3630 

2. 940 

4700 

. 27 














Table 72 (Continued). 

Total Normal Emittance of Columbium Carbide 


Run No. 2 


Observed 

' 

Temperature 

«F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

ap 

Emittance 

1 

1 

Remarks ! 

1010 

0.0231 

1010 


-1 

- 

1380 

0.0883 

1380 



1430 

0.1026 

1590 

.41 


1405 

0.1079 

1550 

.47 


1410 

0.1105 

1550 

.47 


1528 

0.1750 

1650 

.63 


1740 

0.3260 

1870 

.78 


1935 

0.4810 

2060 

.83 


2163 

6.7240 

2320 

.82 


2100 

0. 6670 

2250 

.85 


2405 

0. 8160 

2700 

.55 


2475 

0. 9390 

2770 

. 57 


. 2570 

1.1990 

2860 

.65 


2640 

1. 2880 

2970 

.63 


2970 

1.9000 

3380 

.58 


3120 

1.4330 

3900 

. 27 


3230 

1.4510 

4100 

. 23 


3340 

1.6330 

4300 

.26 


3490 

'2. 0990 

4500 

. 25 


3670 

2.5590 

4800 

.23 


3640 

2.5090 

4820 

.22 

Edges 

Bubbling 


310 



Table 73. 























Table 74. 


Total Normal Emittance of Hafnium Carbide 


Run No. 1 


Observed 

Temperature 

"F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

•F 

Emittance 

Remarks 

1530 

0. 238 

1620 

.88 


1750 

0.354 


.82 


1940 

0. 507 


.83 


2110 

0. 690 


;86 


2350 

1.017 

2540 

.84 


2550 

1.352 

2750 

.85 


2270 

0. 857 

2430 

.82 


2550 

1. 277 

2770 

.79 


2760 

1. 672 

3050 

.75 


2970 

2.144 

3280 

'.74 


3450 

3. 450 

3970 

.59 


3570 

4.040 

4080 

.62 


3690 

4.685 

4240 

.62 


3780 

5. 226 

4340 

.64 


3930 

5.635 

4560 

.59 


3970 

5. 960 

4600 

.60 


4000 

6 . 287 

4610 

.62 


4050 

6 . 514 

4670 

.62 


4020 

6 , 621 

4630 

.64 

■ 


313 








n- _ 






Table 74 (Continued). 

Total Normal Emittance of Hafnium Carbide 


Run No. 2 


Observed 

Radiometer 

True 



Temperature 

Output 

Temperature 



“F 

Millivolts 

“F 

Emittance 

Remarks 

1485 

0.235 

1550 

.98 


1640 

0.320 

1720 

.96 


1900 

0.531 

2000 

.98 


2095 

0. 764 

2220 

. 98 


2320 

1.075 

2470 

.98 


2490 

1.303 

2660 

.95 

1 

2610 

1.545 

2810 

.93 


2960 

2.112 

3200 

.77 


3080 

2.410 

3430 

.70 

' 

3200 

2.789 

3570 

.72 


3320 

3. 394 

3660 

.79 


3520 

4.417 

3870 

.83 


3750 

5. 247 

4160 

.80 


3820 

5.060 

4350 

.64 


3980 

6 . 962 

4470 

.77 


Run No. 3 

1482 

0.251 

1546 

. 98 


1690 

0. 377 

1778 

;96 


1875 

b. 550 

1976 

t98 


1940 

0.613 

2050 

.98 


2015 

0. 687 

2139 

.96 


2190 

0 . 940 

2325 

. 98 


2305 

1.115 

2459 

,96 


2500 

1.443 

2686 

.91 


2830 

2.308 

3048 

.94 


2970 

2. 564 

3237 

:84 


3210 . 

3.101 

3567 

172 


3390 

3. 890 

3764 

.74 


3560 

5. 028 

3909 

.84 


3780 

6.700 

4107 

C93 


3890 

7. 573 

4215 

.96 

> 

1 


314 



Table 75. 


Total Normal Emittance of Tantalum Carbide 


Run No. 1 


Observed 

1 

Temperature 

«F 

Radiometer 

Output 

Millivolts 

True . 

Temperature 

•F 

1 

1 

Emittance 

1 

Remarks 

920 ^ 

0. 019 

■ 

920 

.37 


1140^ 


1140 

.41 


isoqt 


1300 

.66 


1450 


1550 

.61 


1570 


1620 

.91 


1880 


1990 

.92 


2040 

0 . 608 

2190 

.87 


2240 

0.861 

2440 

.82 

, 

Small Dark 

Spots on 

Surface 

2230 

0. 804 

2460 

.74 


2390 

1.042 

2620 

.77 

■ 

2660 

1. 534 

2940 

.76 


2730 

1.67,0 

3050 

■■ 

.74 

Size of Spots 
Increasing 

2840 ; 

1.626 

3240 

. 58 

Spots Moving 
About 

3010 

1.964 

3160 

.76 

Spots 

Disappeared 

3180 

3.055 

3500 

.82 


3330 

3. 536 

3740 

.74 


3490 

4. 016 

3960 

.71 


3470 

3.400 

3730 

.70 


3570 

4.100 

4180 

.58 

■ 







_ 



&- 



Table 75'(Continued). 

Total Normal Emittance of Tantalum Carbide 


RumNor-2- 


Observed 

Temperature 

• F 

: Radiometer 
Output 
Millivolts 

True j 

Temperature | 

«F 

Emittance 

Remarks 

1470 

0.1580 

1580 

.65 


1770 

0. 2941 

1950 

.64 

. - 

1990 

' 0.4650 

2170 

. 67 


2150 

0. 6270 

2380 

,67 


2450 

1.048 

2730 

.68 


2690 

1. 545 

! 

2990 

.75 

Uneven 
Temperature 
on Surface 

3150 

2. 699 

3550 

.71 

Surface 

Temperature 





Fairly 

Uniform 

3330 

3.355 

3790 

.69 


3550 

4. 002 

4140 

. 58 


3570 

4.117 

4150 

.60 


j 3670 

4.391 

4320 

. 55 

Slight 

Temperature 
Gradient 
on Surface 

3750 

3. 261 

4980 

.25 


3770 

3.607 

4950 

.27 


3830 

4.105 

4920 

.32 


3860 

4. 900 

4730 

.44 

Edges of 
Specimen 

Melted 


316 



Table 76 


Total Normal Emittance of Titanium Carbide 


Run No. 


Observed 

Temperature 

•F 


Radiometer 

Output 

Millivolts 

True 

Temperature 

•p 

Emittance 

Remarks 

0 . 0808 

1220 

.68 

1 

0. 0369 

980 

.58 

1 

0.1113 

1315 

.76 


0.1864 

1630 

.68 


0.4110 

1940 

.86 


0. 6150 

2170 

.89 


0. 9860 

2580 

.80 


. 1.0010 

2550 

.82 


1.2440 

2870 

.69 

Several Dark 
Spots on 

Surface (; 

1. 5480 

3320 

, 50 

Blisters on 
Surface 

2.1500 

3250 

.75 


3.2540 

4310 

.42 


3.410 

4440 

.39 


3.847 

4560 

.40 


3.778 

4650 

.38 ' 

















Table,76 (Continued). 

Total'Normal Emittance of Titanium Carbide 


Run No. 2 


Observed 

Temperature 

"F 

Radiometer-. 

Output 

Millivolts 

True 

Temperature 

«*F 

Emittance 

Remarks 

1005'^ 

0.0336 

1005 

. 51 


1240T 

0.0684 

1240 

.57 


1490 

0.1909 

1590 

.79 


1810 

0.4110 

1940 

. 86 


2390 

1.0280 

2550 

. 85 

Black Scale 
on Surface 

2380 

1.0080 

2560 

.83 


2620 

1.2800 

2900 

.69 

Dark Spots 

(Scale) 

Disappeared 

. 2880 

^ 1. 8800 

3170 

.74 


3070 

1.9780 

3520 

.54 

Dark Spots 
Formed and 
Disappeared 

3350 

2 . 7160 

3860 

.52 


3430 

2.9830 

4040 

.48 

Specimen 

Surface 

Melted 


318 







Table 77. 


Total Normal Emittance of Tungsten Carbide 



F 

Lun No. 1 



Observed 

Radiometer 

True 



Temperature 

Output 

Temperature 



•F 

Millivolts 

•F 

Emittance 

Remarks 

965T 


966 

.41 


lOlQT 


1010 

.50 


1460 

0,1877 

1530 

.81 


1940 

0. 4400 

2120 

,67 


2200 

0.5460 

2470 

.51 


2380 

0. 7010 

2740 

.44 


1870 

0. 4330 

2040 

.76 


2240 

0.7950 

2460 

.73 


2540 

0.8910 

2970 

.43 


2700 

0. 8640 

3290 

.30 


3010 

1.2160 

3880 

.23 


3170 

1.7720 

3940 

.31 


3450 

2. 4930 

4350 

.31 


3560 

2. 9360 

4480 

. 33 


3640 

3.1960 

4600 

.33 


3710 

3.4800 

4690 

.35 


3800 

3.7900 

4780 

.34 


3700 

3.4420 

4660 

.34 

Melted Around 
Edges 











. 


Table 77 (Continued). 

i 

i 

Total Normal Emittance of Tungsten Carbide 


Run No. 2 


Observed 

Temperature 

®F 

Radiometer 

Output 

5 Millivolts 

True 

Temperature 

op 

4 

Emittance 

Remarks 

1050^ 

0. 0534 

1050 

.71 

' 

1270T 

0. 0938 

1270 

.74 


1840 

0.3713 

1990 

.75 


1600 

0. 2300 

1730 

.70 


2110 

0. 6340 

2280 

.78 


2970 

1.5160 

3460 

.43 


2710 

1.0000 

3140 

.41 


2480 

0.7000 

2860 

.40 

’ 

2990 

1.4270 

3560 

.38 


3170 

1.9310 

3790 

.40 


3500 

3.1270 

4160 

.45 

' 

3760 

4.5450 

4470 

, 51 


3840 

4.6600 

4570 

.49 

\ 




320 








Table 78 


Total Normal Emittance of Vanadium Carbide 


Run No. 1 


Observed 

Temperature 

Radiometer 

Output 

Millivolts 

True 

Temperature 

"F 

Emittance 

Remarks 

1100 

0.059 

1100 

.68 


1335 

0.114 

1335 

.76 


1460 

0.138 

1590 

. 56 


1500 

0.151 

1650 

.53 


1620 

0. 201 

1780 

. 56 


1860 

0.370 

2050 

.65 


2240 

0.710 

2490 

.65 


2380 

0. 900 

2660 

.64 


1990 

0. 470 

2180 

.67 


2400 

0.949 

2670 

.67 


2710 

1.373 

3320 

.44 

Blisters on 
Surface 

2300 

0. 888 

2540 

.73 


2610 

1.347 

2930 

.67 


2730 

1. 597 

3060 

.69 

Crust on 

Surface 

2860 

1. 534 

3340 

.48 


2910 

1.690 

3409 

.50 


3030 

1.995 

3540 

. 51 


3240 

2. 370 

3950 

;41 


3580 

2.770 

4620 

.28 

Specimen 

Melted 


321 














Table 79. 


Total Normal Emittance of Zirconium Carbide 


Observed 

Temperature 

"F 


Run No. 1 


Radiometer True 

Output Temperature 

Millivolts "F 


0. 244 
G.412 
0. 632 
0. 619 
0. 762 
0.910 
1. 227 

1. 595 
1.970 

2. 592 
3.169 
3.839 
4. 385 
4. 900 
4. 840 

4. 700 

5.310 
5.330 
5.490 
4.940 
4. 820 
5.400 


4450 

4500 

4620 

4700 

3800 


Emittance I Remarks 



Black Spots 
on Surface 
Specimen 
Smoking 


Edges of 

Specimen 

Melted 























Table 79 (Continued). 

Total Normal Emittance of Zirconium Carbide 


Rum No. - 2 


Observed 

Temperature 

-F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

“F 

Emittance 

-- : - ^ 

Remarks 

1760 

0.336 

1890 

,78 


1860 

0.409 

2010 

.76 


2010 

0. 534 

2170 

.78 

1 

2190 

0.730 

2340 

.81 

■ V 

2410 

1.063 

2620 

.79 


2690 

1.567 

2930 

.78 


2900 

2. 009 

3180 

.77 


3130 

2. 654 

3440 

.76 


3280 

3.216 

3600 

.80 


3420 

3. 787 

3800 

.76 


3310 

3.626 

3680 

.77 


3220 

3.431 

3700 

.78 


3470 

,4. 074 

3750 

.77 



324 











1 


h.i 

f ' 

'l-i 

i - v Total Normal 


1 «. 

t * ; 

Observed 

Radiome ter 

' ?,*! 

1 lJ 

Temperature 

Output 

1 

• F 

Millivolts 

i 

i ? 

i B i 

t 

895^ 

0.046 

\ 

i 

1250T 

0.112 


1420 

0.168 

f j 1 

} i' 

1650 

0. 271 

j 

1850 

0.381 

i r: 

2020 

0. 510 

1 Li 

2230 

0.743 

f 

2500 

1.106 

*' ri 
; i t 




2630 

1.316 

■ IT- 

2930 

1.832 

; ,3 i ^ 

3020 

2.031 

!!' 

3040 

1.947 

3280 

2.458 

i S"' 

3400 

2.704 

» 1 f * '• 

i — ' 

3380 

2.754 

■ P: 







: i 


■gi 

V 
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Table 81. 


Total Normal Emittance of Hafnium Nitride 


Run No. 


Observed 

Temperature 

»p 

Radiometer 

Output 

Millivolts 

True 

Temperature 

®F Emittance 

995^ 

0. 025 

995’ 

.37 

1250^ 

0. 067 

1250 

. 54 

1440 

0.146 

1550 

.62 

1630 

0. 253 

1740 

.74 

1860 

0.367 

2030 

, 66 

2000 

0. 489 

2160 , 

.73 

2190 

0. 672 

2370 

.70 

2370 

0. 975 

2580 

.72 

2540 

i. 155 

2820 

.66 

2420 

0. 952 

2660 

.68 

2730 

1.558 

3020 

.69 


Remarks 



Run No. 2 


1015^ 

1205'^ 

1325 

1510 

1690 

1900 

2050 

2290 

2500 

2380 

2780 

3090 

3300 

3430 


0. 042 

-- . ■ ■■ —— 

1015 

.60 

0. 073 

1205 

.64 

0. 134 

1325 

.89 

0.207 

1620 

.77 

0.311 

1790 

.84 

0.438 

2050 

.77 

0. 595 

2200 

.81 

0. 865 

2480 

. 79 

1. 173 

2740 

.74 

0.920 

2630 

.68 

1. 661 

3060 

.72 

2.392 

3450 

.68 

2. 523 

3870 

.48 

3.163 

3980 

. 55 







Table 81 (Continued). 

Total Normal Emittance of Hafnium Nitride 
Run No. 2 (Continued) 


Observed 

Radiometer 

True 


1 

Temperature 

Output 

Temperature 



•F 

Millivolts 

•F 

Emittance 

Remarks 

3740 

4.532 

4240 

.60 


3850 

5.196 

4480 

.57 


3900 1 

5.648 

4480 

.62 


3900 1 

5. 543 

4490 

.61 


3980 

6.078 

4570 

.63 


3920 

5. 869 

1 

! 

4480 

.64 

Specimen 
Cracked, 
Edges Melted 








. 1 .. I 


Table 82. 


Total Normal Emittance of Tantalum Nitride 


Observed 

Temperature 

op 

Radiometer 

Output 

Millivolts 

True 

Temperature 

"F 

lOSS*^ 

0.052 

1035 

1335 T 

0. i21 

1335 

1550 

0. 218 

1650 

1670 

0. 287 

1790 

1850 

0. 421 

1990 

1990 

0. 551 

2130 

2180 

0.762 

2340 

2350 

0. 982 

2550 

2410 

1.119 

2610 

2640 

1.510 

2870 

2850 

1.990 

3130 

3100 

2.345 

3460 

3260 

2. 857 

3670 

3400 

3.372 

3850 

3590 

,4.025 

4070 

3700 

4.463 

4300 

3750 

4.725 

4350 

3610 

4. 207 

4200 


Remarks 


.72 
.80 
.75 
.78 
.81 
.83 
.84 
.81 
.82 
.83 
.79 
.66 
.65 
.64 
. 64 
.58 
. 58 
. 58 












Table 83 


Total Normal Emittance of Titanium Nitride 


Hun No. 1 


Observed 

Temperature 

•F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

•F 

Emittance 

Remarks 

1055^ 

0.030 

1055 

.39 


1300"^ 

0. 068 

1300 

.48 


1550 

0.182 

1680 

.62 


1760 

0.315 

1900 

.70 


1970 

0. 510 

2130 

.75 


2120 

0. 556 

2320 

.63 


2300 

0. 700 

2570 

.57 


2460 

0. 889 

2770 

.55 


2280 

0. 757 

2510 

.64 


2650 

1.161 

3020 

.52 


2830 

1.492 

3240 

.52 


3150 

1. 804 

3830 

.34 


3350 

2. 286 

4140 

.33 


3580 

3.032 

4460 

.34 


3660 

3.130 

4630 

.31 


3720 

3.354 

4690 

.32 


3820 

3. 761 

4840 

.31 


3880 

3. 992 

4930 

.32 


3900 

4.195 

4860 

.35 


3930 

4.480 

4780 

.40 

Specimen 

Smoking 

3930 

4.321 

4930 

.35 

Edges Melted 


329 




I 
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; Table 83 (Continued). 

Total Nornnal Emittanee of Titanium Nitride 


Run No. 2 


Observed 

Temperature 

“F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

•F 

Emittanee 

Remarks 

1000^ 

0. 033 

1000 

. 50 


1300T 

0. 087 

1300 

.62 


1480 

0.145 

1610 

.57 


1750 

0.313 

1880 

.72 


1870 

0. 439 

2010 

.80 


2060 

0. 619 

2200 

.84 
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Table 84 


Total Normal Emittance of Beryllium Oxide 


Observed 

Temperature 

«F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

•p 

Emittance 

1532 


1648 

. 58 

1700 


1846 

.56 

1840 


2008 

. 57 

2094 


2302 

.60 

2275 


2514 

.60 

2550 


2857 

.56 

2740 


3091 

. 55 

2915 


3295 

.57 

3100 


3556 

. 52 

3114 


3423 

.79 

3180 


3461 

.88 

3230 

■ 

, 

3518 

.88 


Remarks 


Specimen 

Smoking 








Table 85,. 


Total Normal Emittance of Cerium Dioxide 


Observed 

Temperature 



1795 
201 
219 
2280 


Radiometer 

Output 

Millivolts 


0.1376 
0. 2582 

0. 4020 
0.5920 
0.7930 
0. 9500 


Run No. 1 


True 

Temperature 

“F 



Emittance Remarks 


Specimen 

Cracked 


Run No. 2 


1425 

1645 

1775 

1960 

2125 

2360 

2210 

2125 

2320 

2495 

2640 

2800 


0 . 101 
0. 255 
0.400 
0. 566 
0. 757 
1. 104 
0. 844 

0. 708 
0. 975 
1. 294 
1. 700 
2.105 


1571 

176' 

188' 

207 

225' 

2510 

2240 

2230 

2510 

2700 

2820 

3020 



Specimen 

Cracked 










Table 85 (Continued). 

Total Normal Emittance of Cerium Dioxide 


Run No. 3 


Observed 

Radiometer 

True 



Temperature 

Output 

Temperature 



"F 

Millivolts 


Emittance 

Remarks 

1415 

0. 0998 


.42 


1410 

0.1244 


.47 


1465 

0.1829 


.78 


1670 

0. 2913 

1710 

.85 


1765 

0.3570 

1860 

.87 


1765 

0. 3680 

1860 

.88 

Specimen 

Cracked 

1880 

0. 4680 


.87 


2250 

0.9590 


:92 


2420 

1.1440 

2600 

.87 


2650 

1.6800 

2840 

.96 


2740 

1.8430 

2960 

.90 


2900 

2. 3220 

3130 

.92 


3000 

2. 5530 

3230 

.94 


3150 

3.0290 

3400 

i92 


3180 

3.2240 

3440 

.92 


3330 

3.6330 

3600 

.91 

Specimen 

Melting 

Run No. 4 

1465 

0.149 

1580 

. 57 

_ 

1645 

0. 276 

1760 

.73 


1750 

0. 373 

1850 

. 82 


1925 

0. 517 

2050 

.82 


2100 

0. 738 

2240 

.87 

Specimen 

Cracked 


333 






Table 85 (Continued). 

Total Normal Emittance of Cerium Dioxide 


Run No. 5 


Observed 

Temperature 

®F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

op 

Emittance 

1472 

0. 127 

1599 

.45 

1660 

0. 268 

1782 

.66 

1755 

0.375 

1868 

.82 

1940 

0. 583 

2061 

.92 

2090 

0. 767 

2226 

.93 

2250 

1.002 

2403 

,94 

2465 

1.402 

2640 

.94 

2790 

2.245 

2994 

.97 

3125 

3.300 

3380 

.93 











Table 86 


Total Normal Emittance of Hafnium Dioxide 


p 

Lun No. I 


Observed 

Radiometer 

True 



Temperature 

Output 

Temperature 



“F 

Millivolts 


Emittance 

Remarks 

1490 

0.2115 

1560 

.90 


1595 

0.2530 


.82 


1835 

0.3970 


.76 


1925 

0. 4740 


. 80 


2070 

0. 6100 

2220 

.81 


2165 

0. 7560 

2340 

.85 


2425 

1.0430 

2630 

.77 


2600 

1.4160 

2840 

.81 


2110 

0. 6550 

2260 

.85 


1645 

0. 2820 

1750 

.83 


2430 

0. 9760 

2650 

.73 


2740 

1.6740 

2990 

.82 


2940 

2. 0720 

3200 

.77 


2990 

2. 3030 

3250 

.81 


3030 

2. 5140 

3310 

.84 


3180 

3.1150 

3460 

. 89 


3320 

3.7320 

3600 

.90 


3490 

4.4620 

3800 

. 89 


3580 

4.7500 

3900 

.87 


Run No. 2 

1505 

0. 201 

1590 

.78 


1820 

0. 404 

1943 

. 80 


2015 

0. 621 

2153 

.87 


2194 

0. 843 

2356 

.86 


2445 

1.252 

2639 

.85 


2635 

1. 629 

2859 

.83 







Table 87 


Total Normal Emittance of Magnesium Oxide 


Run No. 1 


Observed 

Temperature 

op 

Radiometer 

Output 

Millivolts 

True 

Temperature 

op 

Emittance 

Remarks 

1482 

0. 097 

1642 

.32 


1645 

0.123 

1860 

.27 


1925 

0. 209 

2229 

.25 


2140 

0. 330 

2500 

. 27 


2325 

0.468 

2738 

.28 


2595 

0.790 

3065 

. 31 


2800 

1.272 

3256 

.41 


2990 

1.814 

3448 

.48 


Run No. 2 

1525 

0.105 

1697 

1 

.31 


1980 


2316 

.23 


2475 

0. 618 

2928 

.29 


2870 

1,387 

3351 

.40 


3310 

1.105 

3759 

• 60 

J __ 



336 
























Table 89. 


Total Normal Emittance of Zirconium Dioxide 


Run No. 1 


Observed 

Temperature 

*F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

*F 

Emittance 

Remarks 

1475 

■ 

0.113 

■ 

1615 

.39 

This run made, 
as usual, in an 
argon environ¬ 
ment 

1690 

0.173 

1882 

.37 


1945 

0. 301 

2189 

.39 


2170 

0.493 

2449 

.43 


2340 

0.722 

2632 

.49 


2565 

1.516 

2773 

. 86 


2645 

1. 789 

2845 

.93 


2805 

2. 225 

3022 

.93 


2910 

2. 647 

3122 

.98 


3000 

2. 841 

3240 

.93 


3080 

3. 080 

3337 

.91 




2805 

2.181 

3029 

. 90 

This run made. 

3570 

5. 400 

3876 

.93 

as usual, in an 
argon environ¬ 
ment 














Table 89 (Continued). 

n 

Total Normal Emittance of Zirconium Dioxide 


Run No; 3 


Observed 

Temperature 

•F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

•F 

I- - 

Emittance 

Remarks 

1870 

0. 208 

2138 

.29 

This run made 
with air jets 
directed at 
specimen surface 

2135 

0. 360 

2466 

. 31 


2345 

' 

1.033 

2540 


Air Jets Cut Off 

To Obtain This 
Point 

2640 

1.035 

3040 

.42 

Air Jets On 

2750 

1.335 

3138 

.49 
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Table 90. 


Total Normal Emittance of Columbium + 0. 5% Zirconium 


Observed 

emperature 

“F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

•F 

Emittance 

Remarks 

1020T 

0. 025 

1020 

.36 


1280T 

0. 076 

1280 

. 58 


1420 

0.136 

1540 

. 59 


1590 

0.183 

1740 

. 53 


1850 

0. 295 

1950 

.51 


1980 

0.366 

2220 

.48 


2170 

0. 505 

2450 

.48 


2340 

0. 657 

2660 

.47 


2370 

0.714 

2670 

. 50 


2150 

0.479 

2420 

.47 


2640 

1.041 

3030 

.47 


2850 

1.086 

3450 

.31 


2970 

1. 286 

3600 

.31 


3210 

1.759 

3980 

.30 


3300 

1. 942 

4110 

. 29 


3380 


4200 

.31 


3460 


4480 

.25 

Specimen 





Melting at Edges 


340 










Table 91, 

Total Normal Emittance of Molybdenum +0. 5% Titanium 


Observed 

Temperature 

• F 

Radiometer 

Output 

Millivolts 

True 

Temperature 

•F 

Emittance 

Remarks 

2270 


2580 

.45 


1440 


1590 

.47 


1630 

0.170 

1800 

.45 


1830 

0.301 

2020 

.54 


2070 

0.416 

2320 

.47 


2330 

0. 535 

2730 

.35 


2440 

0. 690 

2860 

.38 

Uneven Surface 
Temperature 

2550 

0.553 

3160 

.21 


2820 

0.845 

3530 

.22 


2940 

1.055 

3720 

. 22 


2910 

0. 826 

3700 

. 21 


3010 

0. 906 

3980 

. 16 


3070 

0. 999 

4080 

.16 


3220 

1. 263 

4400 

. 15 


3290 

1.468 

4460 

.16 


3360 

1.685 

4570 

.17 


3480 

2.210 

4600 

. 22 


3570 

2. 582 

4630 

.26 


3560 

2.896 

4430 

.33 

Edges Melted 


341 
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Table 92. 

Total Normal Emittance of Tungsten 


Run No. 1 


Observed 

Temperature 

ojp 

Radiometer 

Output 

Millivolts 

True 1 

Temperature j 
op I 

Emittance 

Remarks 

1520 

0.1710 

1650 

.60 


1770 

0.3668 

1910 

.79 


2030 

0. 5602 

2190 

.80 


2250 

0.8492 

2460 

. 80 


1610 

0. 2640 

1740 

.78 


2020 

0. 5703 

2200 

.79 


2420 

0.8750 

2750 

■ 

. 55 

, 

Spots on 

Surface of 
Specimen, 
Smoking 

2550 

0.5660 

3170 

. 22 

Surface Clear, j 
Smoking Stopped | 

2560 

0.5710 

3210 

.21 


2060 

0. 2360 

2500 

. 21 


2390 

0. 3920 

2980 

.19 


2520 

0.5150 

3160 

. 20 


2720 

0.6960 

3500 

.19 


2770 

0. 7460 

3570 

. 19 


2900 

0. 9630 . 

3750 

. 20 


2960 

0.9910 

3850 

. 19 


2970 

1.0320 

3870 

. l '9 


3060 

1. 2310 

4000 

. 20 


3200 

1.5510 

4200 

. 22 


3280 

1.5840 

4370 

. 19 


3400 

1.7350 

4690 

. 17 

1 

3430 

: 1.9170 

4630 

. 19 

1 

1 

3560 

2. 5260 

4800 

.21 


3560 

2. 5260 

4800 

.21 


3710 

3. 4040 

4800 

.29 


3780 

5. 0410 

4200 

.68 


3820 

5. 8800 

4350 

.73 


3950 

6.5250 

4560 

.67 
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Table 92 (Continued). 


Total Normal Emittance of Tungsten 



P 

Lun Na. '2“ 



Observed 

Radiometer 

True 


1 

Temperature 

op 

Output 

Millivolts 

Temperature 

«F 

Emittance 

Remarks 

1030^ 

0. 013 

1030 

.18 


1265T 

0. 030 

1265 

.24 


1490 

0. 073 

1710 

.22 


1740 

0.178 

2010 

.32 

Whisker Growth 

1880 

0. 235 

2160 

.34 

Around Edges 

2030 

0.389 

2350 

.44 


2410 

0. 504 

2720 

.33 


2150 

0. 591 

2360 

.64 

Spots on 

2580 

0. 667 

3150 

. 26 

Surface, Spots 
Disappearing 

2240 

0. 373 

2690 

. 26 


2650 

0. 705 

3260 

.25 


2770 

0.780 

3540 

.20 


2990 

1. 185 

3760 

. 24 


3050 

1. 292 

3860 

.24 


3280 

1. 687 

4200 

.32 


3270 

1. 790 

4170 

. 25 


3490 

2. 252 

4480 

.25 


3580 

2. 516 

4640 

.25 


3600 

2.918 

4680 

. 27 


3700 

3.400 

4670 

.32 


3890 

4.605 

4720 

.46 


3920 

5. 860 

4490 

.64 


3980 

6. 284 

4590 

.64 


3980 

6. 080 

4600 

.61 


4080 

6.150 

4850 

. 51 


4080 

6.100 

4850 

.51 


4160 

6. 270 

5100 

.43 
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Table 93 


The Probable Error that can be Anticipated in the 
Electrical Resistivity Data. Basic Data is the 
Electrical Resistivity at Temperature Ordinates 


Curve Value 

Data Point 

Deviation of 
Data Point 
from Curve 

Per cent 
Deviation 
from Curve 

Per cent 
Deviation 
Squared 

6. 0 

5. 89 

-0.11 

-1.8 

3.24 

7. 2 

7.12 

-0. 08 

-1.1 

1.21 

7. 5 

7. 26 

-0. 24 

-3.2 

10. 24 

11. 5 

11. 47 

-0. 03 

-0.3 

0. 09 

12. 5 

12.38 

-0.12 

-1.0 

1.00 

14.0 

13. 15 

-0. 85 

-6.1 

37. 21 

18.0 

22.04 

+4.04 

22.4 

501.76 

19. 0 

22. 64 

+3.64 

19. 2 

368. 64 

19.0 

20.36 

+1.36 

7. 2 

51. 84 

24. 5 

27.43 

+2. 93 

12.0 

144.00 

25.0 

27.13 

+2.13 

8. 5 

72.25 

34. 0 

35.79 

+1.79 

5.3 

28.09 

35.0 

34. 65 

-0.35 

-1.0 

1.00 

35.0 

34.12 

-0. 88 

-2. 5 

6.25 

42. 5 

42.78 

+0. 28 

0.7 

0.49 

46. 5 

45. 29 

-1. 21 

-2.6 

6.76 

46. 5 

46. 20 

-0.30 

-0. 6 

0.36 

57. 0 

54. 86 

-2.14 

-3.8 

14.44 

57.0 

57. 52 

+0. 52 

0.9 

0. 81 

57.5 

57. 75 

+0. 25 

0.4 

0.16 

66.0 

65.95 

-0.05 

-0.1 

0. 01 

70. 5 

70. 89 

+0. 39 

0.6 

0. 36 

72.0 

71.42 

-0. 58 

-0. 8 

0. 64 

78.0 

78. 26 

+0. 26 

i- 

0.3 

0. 09 
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Table 93 (Continued). 

The Probable-EFror ■ th&t*cartrbe"'Anticipa:ted in the 
Electrical Resistivity Data.. Basic Data is the 
Electrical Resistivity at Temperature Ordinates 


Curve Value | Data Point 


80.5 
81. 0 



Deviation of 

Per cent 

Data Point 

Deviation 

from Curve 

from Curve 

-0.34 

-0.4 

-0.46 

-0. 6 


Per cent 
Deviation 
Squared 
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Electrical Resistivity Data for 
Thorium Tetraboride 
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Electrical Resistivity Data for 
Titanium Diboride 
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Electrical Resistivity Data for 
Zirconium Diboride 
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Electrical Resistivity Data for 
Dimolybdenum Carbide 
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Electrical Resistivity Data for 
Hafnium Carbide 
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Electrical Resistivity Data for 
Tantalum Carbide 
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Electrical Resistivity Data for 
Tungsten Carbide 
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Electrical Resistivity Data for 
Vanadium Carbide 
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Electrical Resistivity Data for 
Hafnium Nitride 
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Electrical Resistivity Data for 
Titanium Nitride 
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Electrical Resistivity Data for 
Molydenum + 0.5% Titanium 
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Electrical Resistivity Data for 
Tungsten 

(Supplied by Carborundum) 
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Table 119 (Continued). 






























Electrical Resistivity Data for Tungsten 
(Supplied by General Electric) 
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Table 121 


The Probable Error that can be Anticipated in the 
Thermoelectric Voltage Data. Basic Data is the 
Voltage Output per Degree Temperature Differential 
at Temperature Ordihates 


Curve Value 

Data Point 

Deviation of 
Data Point 
from Curve 

Per cent 
Deviation 
from Curve 

Per cent 
Deviation 
Squared 

-0.0570 

-0.055 

-0.0020 

-3; 50 

12.25 

-0. 0530 

-0.055 

+0.0020 

3.77 

14. 21 

-0.0525 

-0. 061 

+0. 0085 

16.19 

262.12 

-0. 0530 

-0. 047 

-0.0060 

-11.32 

128.14 

-0.0410 

-0.042 

+0.0010 

2.43 

5.90 

-0. 0410 

-0. 038 

-0.0030 

-7.31 

53.44 

-0. 0400 

-0. 042 

+0.0020 

5.00 

25.00 

-0. 0300 

-0. 029 

-0.0010 

-3.33 

11.09 

-0. 0290 

-0. 030 

+0.0010 

3. 44 

11.83 

-0.0250 

-0.025 

0. 0000 

0. 00 

0. 00 

-0. 0240 

-0.025 

+0.0010 

4.16 

17.31 

-0. 0210 

-0. 021 

0.0000 

0. 00 

0. 00 

-0. 0205 

-0.020 

-0.0005 

-2. 43 

5.90 

-0. 0210 

-0.020 

-0.0010 

-4.76 

22.66 

-0. 0700 

-0.076 

+0.0060 

8. 57 

73.44 

-0. 0720 

-0.066 

-0.0060 

-8.33 

69.39 


S X2 = 712. 68 


Standard Devia 



Probable Error = 0.6745 Standard Deviation 

= 4. 82% 

Therefore, 50% of all values of the thermoelectric voltage deviate from the 
curve value by no more than 4. 82%. This value includes the reading 
variation in picking values off the curve. 
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Table 122 


Thermoelectric Voltage Data for 
Hafnium Diboride 


Mean 

Temperature 

®F 

Specimen 

AT 

•F 

Resultant 

Voltage 

Output 

Millivolts 

1670 

120 

0. 05 

1685 

117 

0. 00 

1945 

160 

0.40 

1970 

140 

0.40 

2290 

160 

0. 80 

2295 

170 

0. 80 

2635 

170 

1. 50 

2633 

165 

1. 50 

2978 

245 

2. 60 

2975 

240 

2. 60 

3298 

245 

3.40 

3305 

230 

3.40 

3578 

255 

4.05 

3588 

255 

4.00 


275 

4.40 

3875 


4.45 

4113 

195 

3. 50 



3.40 


255 

3. 65 


265 

3. 80 


Voltage Output 
Per Degree 
Temperature 
Differential 
Mv/“F 


Specimen Found Cracked on Post Inspection 


0. 000 
0. 000 
0. 003 
0. 003 
0. 005 
0. 005 
0. 009 
0.009 
0. 011 
0. on 

0.014 
0. 015 
0. 016 
0. 016 
0. 016 
0. 018 
0. 018 
0. 015 
0. 014 
0.014 





















Table 124. 


I 



, I 

< I 





I 





Thermoelectric Voltage Data for 
Titanium Diboride 


Mean 

Temperature 

*F 

Specimen 

AT 

op 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree . 
Temperature 
Differential 

Mv/“F 

1815 

130 

0. 25 

0.002 

1825 

130 

0.30 

0.002 

2155 

190 

0.65 

0. 003 

2170 

180 

0.60 

0. 003 

2685 

210 

0.90 

0,004 

2683 

235 

0. 80 

0.003 

2665 

210 

0. 85 

0. 004 

2808 

275 

1.40 

0. 005 

2813 

275 

1.40 

0. 005 

2983 

295 

2.40 

0. 008 

2978 

285 

2.45 

0. 009 

3163 

325 

3.10 

0. 010 

3363 

325 

4. 80 

0. 015 

3365 

330 

4. 85 

0.015 

3525 

350 

5.80 

0. 017 

3543 

365 

6. 05 

0.017 

3745 

370 

7. 20 

0. 019 

3765 

370 

7. 25 

0. 020 

3948 

385 

8.00 

0. 021 

3965 

. 390 

8.00 

0. 021 

4135 

350 

8.50 

0. 024 

4150 

400 

8. 50 

0. 021 


390 
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Table 123. 

Thermoelectric Voltage Data for 
Thorium Tetraboride 


Mean 

Temperature 

"F 

Specimen 

AT 

•F 

Resultant 
Voltage 
Output 
Millivolts . 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/"F 

1765 

150 

-1.20 

-0. 008 

1845 

150 

-1. 20 

-0. 008 

1928 

145 

-1.00 

-0. 007 

2100 

140 

-0. 40 

-0. 003 

2368 

195 

0. 15 

0.001 

2375 

200 

0. 20 

0. 001 

2640 

220 

0.65 

0. 003 

2653 

205 

0.60 

0. 003 

2705 

210 

0. 70 

0. 003 

3160 

320 

2.10 

0. 007 

3145 

350 

2.40 

0. 007 

3210 

360 

2. 40 


3233 

3190 

315 

340 

2.65 

2. 50 

0. 008 

0. 007 










Table 125. 


Thermoelectric Voltage Data for 
Tungsten Boride 


Mean 

Temperature 

•F 

Specimen 

AT 

•F 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output I 

Per Degree | 

Temperature I 

Differential 1 

MvZ-'F 


First Run, £ 

specimen 1 


1805 

310 

-0. 35 

-0.001 

1925 

330 

-0.35 

-0.001 

1980 

360 

-0.40 

-0.001 

2135 

470 

-0.15 

0.000 

2335 

470 

0. 25 

0. 001 

2325 

450 

0.15 

0. 000 

2338 

455 

0. 20 

0.000 

2528 

445 

1.05 

. 0.002 

2530 

490 

1.00 

0. 002 

2525 

500 

1.00 

0. 002 

2065 

550 

1.70 

0. 003 

2075 

550 

1. 65 

0. 003 

2895 

630 

3.15 

0. 005 

2855 

650 

3.00 

0.005 

3022 

685 

3.95 

0. 006 

3017 

695 

3. 85 

0. 006 

3185 

670 

4. 60 

0. 007 

3180 

680 

4. 50 

0. 007 

3405 

750 

5. 60 


3435 

770 

5.65 


3585 

730 

6.70 

0. 009 

3565 

710 

6.75 

0. 010 

3767 

705 

7.80 

0 . oil 

3802 

715 

8.30 

0.012 

3872 

725 

9.00 

0. 012 

3880 

660 

9.40 

0. 014 
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Table 126. 


Thermoelectric Voltage Data for 
Zirconium Diboride 


Mean 

Tempe rature 

«F 

Specimen 

AT 

op 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/»F 

1837 

135 

0.35 

0. 003 

1820 

100 

0. 30 

0. 003 

2035 

110 

0. 60 

0. 005 

2043 

115 

0. 59 

0. 005 

2285 

120 

0. 75 

0.006 

2283 

125 

0. 75 

0.006 

2478 

125 

1. 05 

0. 008 

2513 

135 

1.00 

0. 007 

2853 

195 

1.95 

0.010 

2893 

205 

2. 00 

0. 010 

3045 

230 

2. 85 

0. 012 

3045 

230 

2. 85 

0.012 

3310 

280 

3.65 

0. 013 

3315 

270 

3.60 

0. 013 

3515 

290 

4.05 

0. 014 

3495 

270 

4. 20 

0.015 

3678 

245 

4. 60 

0. 019 

3675 

250 

4. 65 

0. 019 

Specimen Fou 

nd Melted on Post I 

nspection 
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Table 127 




Thermoelectric Voltage Data for 
Columbium Carbide 


Mean 

Temperature 

op 

Specimen 

AT 

op 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/“F 

1805 

30 

1.60 

0. 053 

1850 

40 

1. 80 

0. 045 

1890 

40 

2. 00 

0. 050 

2265 

30 

1. 80 

0. 060 

2316 

35 

1,75 

0. 050 

2615 

40 

1. 80 

0. 045 

2680 

30 

1. 75 

0. 058 

2723 

45 

1.95 

0.043 

2863 

45 

2. 00 


3077 

35 

1. 80 


3087 

35 

1. 80 

0.051 

3087 

35 

1.65 

0.047 

3085 

30 

1.60 

0. 053 

3333 

55 

1. 50 

0. 027 

3330 

60 

1. 50 

0. 025 

3330 

60 

1.45 

0. 024 

3502 

55 

1.40 

0. 025 

3507 

55 

1.40 

0. 025 

3525 

50 

1. 40 

0. 028 

3742 

75 

1.70 

0. 023 

3760 

60 

1. 60 

0. 027 

3752 

75 

1.40 

0. 019 

3752 

65 

1.35 

0. 021 

3982 

55 

1.40 

0. 025 

3962 

65 

1. 25 

0.019 

3985 

50 

0.95 

0.019 
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Table 128. 

Thermoelectric Voltage Data for 
Dimolybdenum Carbide 


Mean 

Temperature 

“F 

Specimen 

AT 

“F 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/'-F 

1728 

291 

1. 25 

0. 004 

1724 

283 

1. 30 

0. 005 

2025 

350 

2.15 

0. 006 

2045 

370 

2. 25 

0. 006 

2418 

405 

4. 20 

0. 010 

2440 

420 

4. 30 

0.010 

2588 

555 

6. 20 

0.011 

2703 

425 

6.45 

0.015 

2915 

490 

7.80 

0.016 

2960 

480 

7.90 

0.017 V 

3170 

480 

9.20 

0.019 ; 

3183 

475 

9. 20 

0. 019 

3468 

475 

6.00 

0.013 

3470 

480 

6.00 

0.013 

Specimen Me] 

ted During Run 


1 







Table 129. 

Thermoelectric Voltage Data for 
Hafnium Carbide 





Voltage Output 



Resultant 

Per Degree 

Mean 

Specimen 

Voltage 

Temperature 

Temperature 

AT 

Output 

Differential 

“F 

•F 

Millivolts 

Mv/»F 

1585 

100 

1. 70 

0. 017 

1597 

115 

1.75 

0. 015 

2140 

140 

2,75 

0. 020 

0.017 

2125 

150 

2.60 

2537 

175 

4.10 

0. 023 

2857 

215 

4, 80 

0. 022 

2860 

220 

4. 80 

0.022 

3040 

240 

5. 60 

0. 023 

3035 

240 

5. 55 

0. 023 

3350 

300 

6. 20 

0.021 

3337 

315 

6. 20 

0.020 

3600 

320 

6. 75 

0. 021 

3607 

315 

6,75 

0.021 

3810 

280 

7.00 

0. 025 

3830 

300 

7.15 

0.024 

4000 

340 

8. 20 

0.024 

4205 

330 

7.80 

0. 024 

4205 

330 

7. 80 

0. 024 

4365 

310 

7.60 

0.025 

4360 

320 

7.60 

0. 024 

4525 

410 

8. 80 

0.021 

4545 

390 

9. 25 

0. 024 

4700 

360 

8. 90 

0.025 

4675 

350 

9.10 

0. 026 

4775 

390 

8.00 

0. 021 











Table 130 




I 


/ 


1 




I 


1 ; 

w. 


i 

i- 






i! 

\IJ. 



It 

t 


Thermoelectric Voltage Data for 
Tantalum Carbide 


Mean 

Temperature 

op 

; 

Specimen 

AT 

op 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/“F 

1825 

50 

0. 40 

0. 008 

1830 

60 

0.50 

. 0.008 

1830 

60 

0.60 

0.010 

2190 

80 

1. 25 

0.016 

2207 

85 

1.30 

0.015 

2215 

80 

1. 20 

0. 015 

2500 

80 

1.50 

0.019 

2525 

80 

1. 50 

0. 019 

2632 

125 

1.95 

0. 016 

2885 

130 

2. 60 

0. 020 

2855 

150 

2.60 

0.017 

2850 

150 

2.65 

0.018 • 

3010 

120 

2. 80 

0. 023 

3022 

155 

2. 55 

0. 016 

3015 

170 

2. 65 

0.016 

3070 

160 

3.00 

0. 019 

3272 

145 

3. 55 

0.024 

3270 

180 

4. CO 

0. 022 

3277 

195 

4. 30 

0.022 

3445 

170 

4. 85 

0. 029 

3437 

225 

5.00 

0.022 

3685 

130 

4. 00 

0.031 

3653 

195 

5.30 

0.027 ■ 

3640 

220 

5. 50 

0. 025 

3840 

140 

4.30 

0.031 

3830 

220 

5. 80 

0. 026 

3820 

220 

5.75 

0. 026 

4110 

180 

4.60 

0. 026 


397 


1 

i 

A 


1 

1 


/ 
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Table 130 (Continued), 

Thermoelectric Voltage Data for 
Tantalum Carbide 


Mean 

Temperature 

op 


Specimen 

AT 

«F 


Resultant 

Voltage 

Output 

Millivolts 


Voltage Output 
Per Degree 
Temperature 
Differential 
Mv/*F 


i 1 I 

^ i ■ J 

-t [ i 


4110 

180 

4.40 

0. 024 

4085 

230 

6.15 

0. 027 

4310 

, 180 

4.90 

0. 027 

4288 

225 

5.40 

0. 024 
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Table 131, 


I 

i 


.1 



Thermoelectric Voltage Data for 
Titanium Carbide 


1' J 

i il 

Mean 

Temperature 

op 

■ 

Specimen 

^T 

“F 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/"F 

1 

i !• i 


First Run, 

Specimen 1 



1649 

38 

-1. 05 

-0.028 

i ! • 

1674 

12 

-1.15 

-0.096 

1 i '3 

! ; 

1858 

15 

-1. 60 

-0.107 

1 ! 

1863 

15 

-1.60 

-0.107 

i 1 

2088 

15 

-1.70 

-0.113 

1 ■ 

2090 

20 

-1. 80 

-0.090 


2403 

25 

-1.75 

-0.070 

i r " 

] -• ■'!? - 

2405 

30 

-1.65 

-0.055 

• ‘ 

2428 

35 

-1.60 

-0.046 

i i 

2673 

35 

-1. 00 

-0.029 

! ‘ V 

2678 

35 

-0. 90 

-0. 026 

! ' 1: 

2815 

30 

-0. 65 

-0.022 

1 

2816 

45 

-0. 75 

-0.017 

1 

3030 

40 

-0. 60 

-0.015 


3020 

40 

-0.60 

-0.015 


3185 

50 

-0. 40 

-0. 008 

• ~ '1; 

3185 

70 

-0.45 

-0. 006 

; • 

3420 

40 

-0. 30 

-0.008 


3378 

35 

-0. 20 

-0.006 

'i u 

3575 

30 

-0. 25 

-0. 008 

1 u. 

3573 

35 

-0.25 

-0. 007 


3838 

55 

-0. 25 

-0.005 

• n, 

3845 

30 

-0. 20 

-0.007 


4010 

40 

-0. 70 

-0.018 

> ■ ‘T 

4010 

40 

-0. 60 

-0.015 


f 399 


1 

I 

A 


I 

} 


I 

1 













Table 131 (Continued). 

Thermoelectric Voltage Data for 
Titanium Carbide 


Mean 

Temperature 

op 

Specimen 

AT 

«F 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/T 


1 

Second Run, Specimen 1 

1 


1905 

110 

-3.10 

-0. 028 

1910 

120 

-3.10 

-0.026 

3180 

100 

-1.60 

-0.016 

3478 

145 

-1.00 

-0. 007 









Table 132 


Thermoelectric Voltage Data for 
Tungsten Carbide 





Voltage Output 



Resultant 

Per Degree 

Mean 

Specimen 

Voltage 

Temperature 

Temperature 

AT 

Output 

Differential 

OF 

op 

Millivolts 

Mv/“F 


First Run, 

Specimen 1 


1555 

130 

-2.05 

-0. 016 

1589 

122 

-2.15 

-0. 018 

1825 

170 

-2.00 

-0.012 

1933 

145 

-2.15 

-0.015 

1975 

150 

-2.15 

-0.014 

2335 

170 

0. 00 

0.000 

2388 

175 

0. 20 

0.001 


Second Run, Specimen 1 


1823 

65 

-3.60 

1833 

65 

-3.65 

2648 1 

55 

-1. 50 

2648 

45 

-1.45 

3065 ' 

90 

-0. 35 

3075 

70 

-0. 25 

3345 ! 

110 

0. 05 

3360 

100 

0.10 

3688 

125 

0. 05 

3705 

130 

0.10 

4000 

140 

-0. 40 

4035 

130 

-0. 55 

4215 

130 

-0. 80 

4215 

110 

-1. 00 

4373 

105 

-1.80 

4415 

90 

-2. 20 


Specimen Found Partially Melted on Post Inspection 















Table 133. 

Thermoelectric Voltage Data for 
Vanadium Carbide 


Mean 

Temperature 


1652 

1670 

1860 

1940 

2188 

2205 

2260 

2527 

2550 

2780 

2790 

2982 

2985 

3252 

3220 

3462 

3495 

3680 

3675 


1833 

1833 

2505 


Specimen 

AT 

-F 


Resultant 

Voltage 

Output 

Millivolts 



1. 15 
1.95 
1.90 

3.40 

3. 60 

4. 50 

4.40 
5.10 

5. 20 
6.15 
6.00 
6.45 
6.50 


Second Run, Specimen 1 


-2.15 
-2. 25 
0. 60 


Voltage output 
Per Degree 
Temperature 
Differential 
Mv/“F 


1 
1 
1 
2 
6 

0. 007 
0. 006 
0. 009 
0. 008 
0. 012 
0.012 
0.013 
0. 013 
0.013 
0. 013 
0. 013 
0.015 
0. 018 
0. 019 



2 


















Table 133 (Continued). 

Thermoelectric Voltage Data for 
Vanadium^-Garbide ..- - - _ . 


Mean 

Temperature 

•F 

Specimen 

AT 

•F 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/*F 

2905 

310 

1.65 

0. 005 

2973 

255 

1.75 

0. 007 

1970 

160 

-2.15 

-0.013 


403 














Table 135 


Thermoelectric Voltage Data for 

Boron-Nitride^ • ' ■ ' 


Mean 

Temperature 

•F 

Specimen 

AT 

op 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/*F 

1680 

160 

-1.70 

-0.011 

1713 

155 

-2.60 

-0.017 

1710 

150 


-0. 015 

2198 

335 

-69.50 

-0.208 

2203 

305 


-0.223 

2378 

295 

-120.00 

-0.407 

2454 

308 

-125.00 

-0.406 

2415 

330 

-125.00 

-0.379 

2713 

415 

-140.00 

-0.337 

2718 

425 

-155.00 

-0.365 

2810 

430 

-140. 00 

-0.326 

2818 

435 

-140. GO 

-0.322 

3133 

445 

-120. 00 

-0. 270 

3120 

360 

-60.00 

-0.167 

3158 

395 

15. 00 

0.038 

3390 

480 

165. 00 

0. 344 

3385 

350 

245.00 

0.700 

3545 

250 

300. 00 

1.200 

3570 

260 

300. GO 

1.154 

3575 

Specimen Foui 

260 

id Cracked on Post 

295. 00 

Inspection 

’ 

1.135 





Table 136 


Thermoelectric Voltage Data for 
Hafnium Nitride 


Mean 

Temperature 

•F 

Specimen 

AT 

«F 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/*F 

1832 

73 

-3.25 

-0.045 

1832 

73 

-3. 20 

-0.044 

2045 

90 

-2.95 

-0. 033 

2075 

100 

-2. 85 

-0. 029 

2105 

90 

-2. 60 

-0. 029 

2428 

155 

-2. 60 

-0. 017 

2448 

145 

-2.60 

-0.018 

2445 

150 

-2.45 

-0.016 

2770 

180 

-1. 80 

-0.010 

2783 

205 


-0.008 

2823 

175 

-1. 65 

-0. 009 

3105 

210 


-0.004 

3213 

205 


-0. 003 

3185 

230 


-0. 003 

3570 

220 


0. 000 

3565 

230 

0. 06 

0. 000 

3555 

250 

0. 06 

0. 000 

4245 

210 

2. 60 

0.012 

4245 

210 

2. 80 

0. 013 

4448 

195 

2. 95 

0.015 

4478 

195 

3. 00 

0.015 

4463 

225 

3.10 

0. 014 









! 



Table 137. 

Thermoelectric Voltage Data for 

Titanium'' 


1 

M 

Mean 

Temperature 

«F 

Specimen 

AT 

"F 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/^F 


1568 

65 

-3.55 

-0.055 


1565 

60 

-3. 80 

-0.063 


1570 

60 

-4. 05 

-0. 068 


2398 

145 

-2.40 

-0.017 


2403 

135 

-2.35 

-0.017 


2820 

200 

-0.55 

-0. 003 


2825 

200 

-0. 50 

-0.003 4 

.. . 

3103 

255 

0. 80 

0.003 

;t' 

3093 

235 

0. 75 

0.003 

U- 

3448 

255 

1. 50 

0.006 


3453 

245 

1.45 

0.006 


3760 

280 

2. 70 

0. 010 


3763 

275 

2. 80 

0.010 

r “ 

4135 

290 

4. 90 

0. 017 


4108 

235 

5.35 

0. 023 


4148 

305 

5. 85 

0.019 


4380 

250 

7.35 

0. 029 


4410 

280 

7.30 

0. 026 

'J 

'£• 

4425 

270 

7.40 

0.027 


I 

I 

^ 407 



















Table 139 


Thermoe4eGtFia-Voltage-.Data=£Qiu^=^ 
Cerium Dioxide 


. 

Mean 

Temperature 

“F 

Specimen 

AT 

•F 

Resultant 

Voltage 

Output 

Millivolts 

VoUage Output 

Per Degree 
Temperature 
Differential 

Mv/^F 


First Run, 

Specimen 1 


1530 

100 

52.0 

0. 520 

1558 

115 

47.0 

0. 409 

1578 

125 

44.0 

0.352 

1863 

145 

42.0 

0.270 

1885 

150 

37.5 

0.250 


Second Run 

Specimen 1 


1655 

160 

51.5 

0. 322 

1753 

185 

44.5 

0. 241 

1815 

210 

42. 5 

0. 202 

2255 

230 

30. 0 

0.130 

2275 

250 

26.0 

0. 104 

2293 

255 

26.0 

0.102 

2685 

280 

18.0 

0. 064 

2698 

275 

20.0 

0. 073 

2685 

310 

21. 5 

0. 069 

3015 

290 

-6.0 

-0.021 

3040 

260 

-20. 0 

-0. 077 

3053 

295 

-28.0 

-0.095 










Table 140. 



Thermoelectric Voltage Data for 
Hafnium Dioxide 


Mean 

Temperature 

»F 

Specimen 

AT 

op 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/»F 

1745 

30 

-28.0 

-0.933 

1750 

20 

-28.0 

-1.400 

1775 

40 

-28. 5 

-0. 713 

2125 

10 

-260. 0 

-26. 000 

2135 

10 

-245. 0 

-24.500 

2553 

35 

-42.0 

-1.200 

2653 

35 

-32.0 

-0.971 

2968 

65 

-220. 0 

-3.385 

2980 

60 

-225.0 

-3.750 

3395 

70 

-32. 0 

-0.457 

3415 

90 

-24.0 

-0. 267 

3410 

80 

-19.5 

-0.244 

3725 

100 

8.0 

0.080 

3728 

95 

8. 5 

0. 090 

4040 

120 

10.0 

0. 083 

4075 

90 

9.5 

0.106 

4100 

100 

9. 0 

0. 090 

4320 

100 

-2.0 

-0. 020 

4320 

100 

-2.0 

-0. 020 


T 








Table 141 


ictrLc Voltage Data for 


g n e s ir u m-Me' 



Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 
Per Degree 
Temperature 
Differential 
Mv/T 

-0. 60 

-0. 006 

-0. 55 

-0. 006 

-60. 00 

-0.923 

-60.00 

-1.000 

-95.00 

-2.375 

-90. 00 

-2. 571 

-35. 00 

-0.318 

-40.00 

-0. 364 

-45. 00 

-0.273 

-45.00 

-0. 265 

-40.00 

-0.222 

-40. 00 

-0.235 

-70. 00 

-0.212 

-70. 00 

-0.219 

0. 00 

0. 000 

5. 00 

0. 015 


411 




Table 142. 


’3L. 




I ■ 


Thermoelectric Voltage Data for 
Thorium Dioxide 


Mean 

Temperature 

*F 

■ ■ ~ 1 

Specimen 

AT 

"F 

■ ■ 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/»F 

1873 

125 

185.0 

1.480 

1930 

140 

240.0 

1.714 

1990 

150 

205.0 

1.367 

2318 

115 

105.0 

0.913 

2365 

IVO 

95.0 

0. 559 

2375 

210 

90.0 

0.429 

2500 

200 

100.0 

0. 500 

2468 

195 

100.0 

0. 512 

2558 

235 

80.0 

0. 340 

2810 

280 

40.0 

0.143 

2788 

285 

40.0 

0.140 

2760 

340 

55.0 

0.162 

2965 

410 

80.0 

0.195 

2900 

340 

60.0 

0.176 

2930 

360 

45. 0 

0.125 


412 




Table 143 


Thermoelectric Voltage Data for 
ZircGnium Dioxide— 


Mean 

Temperature 

op 

-1 

Specimen 

AT 

“F 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/®F 

1843 

175 

-320.0 

-1.829 

1960 

160 

-365. 0 

-2.281 

2083 

155 

-400. 0 

-2.581 

2733 

115 

13.5 

0 117 

2748 

145 

14.0 

0. 097 

2758 

155 

16.0 

0.103 

2958 

185 

32. 5 

0.176 

2973 

185 

34. 5 

0.187 ! 

2990 

220 

36.0 

0.164 ■ 

3238 

275 

48. 0 

0.175 

3263 

225 

50.0 

0. 222 

3265 

260 

50. 0 

0. 192 

3283 

265 

51.0 

0. 193 

3580 

340 

64. 5 

0.190 

3580 

320 

64. 0 

0. 200 

3575 

350 

64. 0 

0. 183 

3713 

375 

60. 0 

0. 160 

3730 

340 

57. 5 

0.169 

4060 

300 

43.0 

0. 143 

4068 

315 

39. 5 

0. 125 

4060 

300 

38. 5 

0. 128 

4155 

230 

35. 5 

0. 154 

4215 

310 

19. 5 

0. 063 

4220 

400 

16. 5 

0. 041 







Table 144. 


Thermoelectric Voltage Data for 
Columbium + 0, 5% Zirconium 


— 



Voltage Output 



Resultant 

Per Degree 

Mean 

Specimen 

Voltage 

Temperature 

1 Temperature 

AT 

Output 

Differential 

1 *F 

*F 

Millivolts 

Mv/“F 

1632 

67 

-3.80 

-0. 057 

1706 

78 

-3.75 

-0. 048 

1740 

81 

-3.75 

-0. 046 

2065 

110 

-3.40 

-0. 031 

2080 

120 

-3.40 

-0.028 

2115 

120 

-3.30 

-0.028 

2343 

125 

-3.15 

-0. 025 

2400 

140 

-3. 20 

-0. 023 

2400 

140 

-3.25 

-0. 023 

2655 

150 

-3.05 

-0.020 

2680 

170 

-3.05 

-0.018 

2708 

175 

-3.00 

-0.017 

2923 

175 

-2. 00 

-0.011 

2923 

175 

-2. 00 

- 0 . oil 

3198 

235 

-1.40 

-0.006 

3203 

225 

-1.40 

-0.006 

3213 

205 

-1.40 

-0. 007 





Table 145 


Thermoelectric Voltage Data for 
Molybdenum + 0. 5% Titanium 


Mean 

Temperature 

-F 

Specimen 

£lT 

"F 

Resultant 

Voltage 

Output 

MillivoRs 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/"F 

1880 

70 

-3. 85 

-0.055 

1920 

70 

'3. 85 

-0. 055 

1928 

65 

-3.95 

-0.061 

1923 

85 

-4.00 

-0.047 

2203 

95 

-4.00 

-0. 042 

2205 

100 

-3.80 

-0. 038 

2210 

90 

-3. 80 

-0. 042 

2513 

125 

-3.60 

-0. 029 

2530 

120 

-3.60 

-0.030 

2740 

130 

-3. 20 

-0.025 

2755 

130 

-3,20 

-0.025 

2858 

145 

-3. 00 

-0. 021 

2875 

150 

-2. 95 

■0.020 

2865 

150 

-3. 00 

-0. 020 

1708 

45 

-3.40 

-0. 076 

1703 

55 

-3. 60 

-0.066 
















Table 147. 

Thermoelectric Voltage Data for 
Tungsten (Carborundum) 


Mean 

Temperature 

op 

Specimen 

AT 

•F 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/*F 


First Run, t 

Jpecimen 1 

^ , 

1885 

230 

-4. 20 

-0.018 

1873 

225 

-4. 20 

-0.019 

2098 

315 

-5.00 

-0.016 

2100 

300 

-5.00 

-0.017 

2428 

205 

-5.80 

-0.028 

2455 

210 

-5. 80 

-0.028 

2/15 

230 

-6. 25 

-0.027 

2735 

230 

-6. 25 

-0.027 

2970 

260 

-6.40 

-0.025 

2990 

260 

-6.40 

-0. 025 

3330 

260 

-5.60 

-0.022 

3325 

250 

-5. 60 

-0.022 

3605 

270 

-4.30 

-0.016 

3595 

270 

-4. 25 

-0.016 

3880 

280 

-2. 80 

-0.010 

3873 

265 

-2. 90 

-0. 011 

4055 

210 

-1.75 

-0.006 

4055 

190 

-1.. 65 

-0. 009 

4325 

270 

-0. 60 

-0.002 

4355 

330 

-0.55 

-0.002 

1840 

3405 

Second Run, 

40 

130 

Specimen 1 

-4. 00 
-3. 55 

-0.010 
-0. 027 












Table 148. 


t 


Thermoelectric Voltage Data for 
Tungsten (General Electric) 


Mean 

Temperature 

•F 

Specimen 

AT 

“F 

— 

Resultant 
Voltage 
Output 
Millivolts , 

Voltage Output 

Per Degree 
Temperature 
Differential 

Mv/"F 


First Run, £ 

specimen 1 


1750 

40 

1.20 


1762 

35 

1. 20 


2297 

45 

0. 95 


2355 

50 


0. 018 

2455 

50 

0.95 

0.019 

2975 

50 

0. 80 

0. 016 

2990 

40 


0. 018 

3075 

50 


0. 017 

3445 

50 


0. 008 

3465 

30 

0. 20 

0. 007 

3490 

crt 

vv 


0.010 

3885 

50 


-0. 004 

3830 

20 


-0. 005 

3918 

55 

-0. 05 

-0. 001 

3925 

10 

-0. 05 

-0.005 

1818 

1853 

Second Run, 

45 

55 

Specimen 1 

160 

2.40 

0. 058 

0. 044 


f 


418 

















Table 149 


Thermoelectric Voltage Data for 
ATJ Graphite 


Mean 

Temperature 

“F 

Specimen 

AT 

"F 

Resultant 

Voltage 

Output 

Millivolts 

Voltage Output 
Per Degree 
Te mpe nature 
Differential 
Mv/“F 

1645 

90 

0.15 

0. 002 

1653 

85 

0.15 

0. 002 

1833 

55 

0.30 

0.005 

1835 

50 

0. 20 

0. 004 

1843 

55 

0. 20 

0.004 

1983 

85 

0. 30 

0.004 

1985 

60 

0.15 

0.003 

2260 

80 

0.20 

0. 003 

2260 

80 

0.20 

0.003 

2355 

110 

0.15 

0. 001 

2360 

no 

0.20 

0. 002 

2745 

190 

0. 20 

0. 001 

2740 

180 

0. 20 

0.001 

2730 

220 

0. 20 

0. 001 

2835 


0. 30 

0. 003 

2925 

150 

0. 35 

0. 002 

2890 

160 

0.30 


3130 

200 

0. 20 


3130 

210 

0.25 


3340 

240 

0.20 


3345 

250 

0. 25 


3525 

250 

0.30 


3613 

225 

0. 25 


3828 

185 

0. 50 


3790 

220 

0.45 


3810 

260 

0.45 

0.002 

4010 

260 

0.45 

0. G02 
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The thermal expansion, heat capacity, 
thermal conductivity, total normal emittance, 
electric resistivity, and thermoelectric 


IV. 
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VI. 


/ N 

V >' 

' { over ) 


voltage were investigated for 26 refractory 
materials, including the borides, carbides, 
nitrides, oxides, ATJ graphite, tungsten, 
and alloys of molybdenum and columbium. 
The temperature range was from 5G0®F to 
5000®F. In addition to these tberniophysical 
properties, the density, chemical analysis 
before and after temperature exposure, and 
microscopic pictures before and after 
temperature exposure, are included to 
define the materials and assist in the 
analysis of the data. 
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